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ABSTRACT 


The  purpose  of  this  project  was  to  evaluate  the  effects  of  a kiloton- range  nuclear  aarburst  on 
buried  reinforced-concrete  arch  structures  located  in  the  high  overpressure  region.  Since  these 
were  to  be  considered  as  pe-sonnel  protective  structures,  they  were  evaluated  for  their  resist- 
ance to  blast,  radiation,  and  missile  hazards. 

Four  structures,  with  the  top  of  the  arch  crown  4 feet  below  ground  surface,  were  positioned 
at  three  different  overpressure  ranges  for  the  Priscilla  Shot,  a 36.6  kt,  700-foot- high  burst.  All 
four  arches  were  semicircular  in  cross-section,  with  an  inside  span  of  16  feet  and  an  arch  thick- 
ness of  8 inches.  Three  of  the  structures  were  20  feet  long  and  the  fourth  was  32  feet  long.  A 
2C-foot-long  structure  was  placed  at  each  of  the  predicted  ground-surface  air  overpressure  levels 
of  50-,  10G-,  and  200-psi,  while  the  32-foot-long  structure  was  placed  at  the  predicted  ground- 
surface  air  overpressure  level  of  50  psi.  It  was  specified  that  all  structures  be  designed  to  with- 
stand a 50-psi  peak  blast  overpressure  using  3,000-psi  concrete.  The  four  structures  were  in- 
strumented for  measurements  of  air  overpressures,  earth  pressures,  deflections,  accelerations, 
strains,  radiation,  ar.d  missiles. 

The  four  structures  received  actual  air  overpressures  of  56,  124,  and  199  psi  and  suffered 
only  minor  damage,  all  remaining  structurally  serviceable.  The  structure  at  the  199-psi  pres- 
sure level  exhibited  obvious  cracking  of  the  floor  slab  and  minor  tension  cracking  of  the  arch 
intrados;  however,  even  though  the  damage  was  slight,  the  peak  floor  slab  acceleration  of  13.4  g 
may  have  been  physiologically  hazardous  to  personnel. 

It  was  observed  that  the  earth  loading  around  the  arch  surface  was  not  uniform  and  that  the 
arch  itself  underwent  appreciate  bending.  The  passive  pressure  exerted  by  the  soil  on  the  arch 
surface  aided  in  developing  the  transmission  of  the  compressive  load. 

Subsequent  analysis,  allowing  for  the  actual  concrete  strength  of  4,500  psi,  showed  that  the 
capacity  of  the  structures  at  the  time  of  the  Priscilla  Shot  exceeded  the  specified  design  capacity 
of  50-psi  ground- surface  air  overpressure.  Consequently,  the  data  obtained  are  not  sufficient 
for  more  than  tentative  conclusions  about  the  ultimate  capacity  of  the  structure.  A retest  at 
higher  overpressures  should  furnish  the  additional  data  needed. 

The  entranceway  of  the  shelter  was  designed  to  exclude  air  overpressure  only,  therefore 
considerable  radiation  was  admitted;  however,  this  entranceway  could  easily  be  modified  to 
greatly  reduce  the  amount  of  radiation  transmitted  through  It  to  the  interior  of  th~  structure. 

Also,  the  entrance  i3  of  the  emergency  type,  for  economy,  and  would  be  secondary  to  a rapid 
access  entrance  in  an  actual  protective  slielter.  There  were  no  missile  and  apparently  no  dust 
hazards  in  any  of  the  structures. 

This  test  showed  that  an  underground  reinforced-concrete  arch  is  an  excellent  structural 
shape  for  resisting  the  effects  of  a kiloton- range  nuclear  air  burst. 


FOREWORD 


This  report  presents  the  results  of  one  of  the  43  projects  comprising  the  Military  Elfects  Pro- 
gram of  Operation  Plumbbob,  which  included  28  test  detonations  at  the  Nevada  Test  Site  in  1957. 

For  overall  Plumbbob  military- effects  information,  the  reader  is  referred  to  the  “Summary 
Report  of  the  Director,  DOD  Test  Group  (Programs  1-9),  ” WT-1445,  which  Includes:  (1)  a 
description  of  each  detonation,  including  yield,  zero-point  location  and  environment,  type  of 
device,  ambient  atmospheric  conditions,  etc. ; (2)  a discussion  of  project  results;  (3)  a summary 
of  the  objectives  and  results  of  each  project;  and  (4)  a listing  of  project  reports  for  the  Military 
Effects  Program. 


PREFACE 

This  project  was  a joint,  coordinated  effort  between  the  U.  S.  Army  Engineer  Waterways  Ex- 
periment Station  (WES),  Corps  of  Engineers,  Vicksburg,  Mississippi,  and  the  U.  S.  Naval  Civil 
Engineering  Laboratory  (NCEL),  Port  Huename,  California.  The  project  was  under  the  general 
direction  of  £.  P.  Fortson,  Jr. , F.  R.  Brown,  and  G.  L.  Arbuthnot,  Jr. ; Captain  R-  L.  Hunt, 
Corps  of  Engineers,  was  in  direct  supervision  of  the  project,  with  W.  J.  Flalhau  designated  as 
the  project  officer.  Special  recognition  is  given  to  Captain  E.S.  Townaley  who  contributed 
valuable  technical  support  and  assistance  during  the  preparation  of  the  final  report.  NCEL 
participation  in  the  project  was  under  the  general  direction  of  Dr.  W.  M.  Simpson  and  S.  L.  Bugg, 
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Special  credit  is  due  Major  James  Irvine,  Jr.,  USA,  and  Captain  C.  A.  Robertson,  USA, 
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to  the  Bureau  of  Yards  and  Docks,  for  their  efforts  during  the  Initiation  of  this  project. 

Consultation  with  Dr.  N.  M.  Newmark  of  the  University  of  Illinois  and  Dr.  C.  H.  Norris  of  the 
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Their  advice  and  assistance  are  gratefully  acknowledged. 
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Chapter  I 

INTRODUCTION 


1.1  OBJECTIVE 

The  general  objective  of  Project  3.1  was  to  determine  the  suitability  of  underground  concrete 
arcnes  for  use  as  protective  shelters  as  well  as  their  resistance  in  the  high  overpressure  ranges 
(50  to  200  psi)  from  a klloton-range  air  burst. 

The  specific  objectives  of  the  project  were  to:  (1)  compare  t.ic  response  of  four  underground 
concrete-arch  structures  when  subjected  to  controlled  loading  ranging  from  design  load  through 
failure  load;  (2)  determine  the  load  distribution  on  a buried  arch  due  to  a nuclear  blast;  (3)  gain 
a better  understanding  of  the  basic  response  of  that  portion  of  the  arch  element  which  is  in  no 
way  affected  by  restraint  or  support  from  the  end  walls;  (4)  determine  tc  what  extent  'he  e .d  walls 
of  an  underground  arch  affect  its  response;  (5)  study  the  interaction  of  the  soil  and  the  structure 
in  order  to  establish  an  idealizes  soil-structure  system  that  can  be  adapted  to  analytical  treat- 
ment; (6)  deteimine  the  amount  of  protection  from  radiation  provided  by  the  structure;  and  (7) 
gam  information  c f direct  use  ia  establishing  design  criteria  for  a prototype  cast-in-place  con- 
crete perse.-  -al  s-iel'er. 

*.2  BACKGROUND 

Previous  nuclear-blast -effect  tests  on  underground  structures  have  been  limited  In  number 
and  have  indicated  principally  the  ability  of  the  stmetures  to  withstand  the  applied  loads,  as  il- 
lustrated by  the  test  of  the  Federal  Civil  Defense  Administration  unde-ground  group  shelter 
during  Operation  Teapot  (Reference  1). 

Full-scale  tests  by  the  Bureau  of  Yards  and  Docks,  Department  of  the  Na'vy,  on  arch  struc- 
tures located  aboveground  during  Operations  Greenhouse  (Reference  2),  Upshot- Knothole  (Refer- 
ence 3),  and  Teapot  (Reference  4)  demonstrated  the  potential  advantages  of  arch-type  protective 
structures,  and  indicated  that  added  benefits  might  lesult  if  such  structures  were  located  below 
the  ground  surface  and  equ'pjied  with  properly  designed  end  walls  and  entrances. 

Prior  to  Operation  Plumbbob,  there  was  no  substantiated  design  criteria  for  a blast- resistant, 
underground,  reinforced- concrete  arch  structure.  !t  was  expected  that  a full-scale  test  would 
furnish  information  on  the  response  of  such  a structure  that  would  be  directly  applicable  to  the 
design  of  rigid-arch  structures  of  various  spans  and  lengths. 


1.3  THEORY 

To  test  the  suitability  of  the  design  procedures  pertaining  to  buried  arches  set  forth  in  EM 
11 10-345-4 »3  to  421,  entitled  "The  Design  of  Structures  to  Resist  the  Effects  of  Atomic  Weapons.  " 
(Reference  5)  prepared  lor  the  Corps  of  Engineers  by  the  Massachusetts  Institute  of  Technology 
(MIT),  a contract  was  negotiated  with  the  firm  of  Ammann  and  Whitney,  New  York,  to  design  a 
structure  to  be  tested  in  this  project  using  the  methods  outlined  in  that  manual. 

Another  contract  was  negotiated  with  the  firm  of  Holmes  and  Nai  <*r.  Inc.,  Los  Angeles. 
California,  to  analyze  the  structure  designed  by  Ammann  and  Whitney  using  methods  ether  than 
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those  set  forth  in  Reference  5.  The  analysts  was  performed  to  predict  pr.-ssure  ranges  from 
ground  zero  where  1 '-‘lure  •(  the  truiture  would  not  be  expected  tactual  design  level),  (2! 
pr, -table  lailan  wo-.  1 *>e  ••vjwt  !«-d,  aul  3'  total  failure  I'ollapse-  would  lie  expected. 

The  MIT  design  nn-r  Kei«  rent  ••  5 is  ba.«-tl  on  the  assumption  that  the  overpressure  trans- 
mitted to  an  underground  arch  .s  unitorm  ov-r  the  entirt  surtate  of  the  arch  vsee  Figure  1.1. a). 

Th  s *vpe  • f pre«sur<  ustrtixitton  results  lr.  pure  compression  throughout  thr  arch.  0 it  is  as- 
somid  'ha!  she  oerpressare  transmitted  t«  an  unde rgr 'Kind  arch  is  nut  unilorm.  tsee  Figure 
! i >,  tvi  the  at tii  s su!>ie<ted  to  cm t .ned  oerding  and  c impiession.  Under  this  assumption, 

* v i -pdari  ..ladtru  is  pr  • h-v  ed  bv  the  resistance  if  !h<  ear*h  tv  the  mtwird  deflection  of  the 
arrn.  The  anaavsis  made  bv  H-.  ines  and  Sarver  was  based  sn  an  assumption  of  the  latter  type. 

1 3 I l-.!  m O. erpr-ssar-  Distribution  The  following  excerpts  from  Section  421  iReference 
5 — • : T'h  ;*>e  gen.  ra.  (.r.-i  .•  • - i "he  design  *4  the  underground  arth  structure  for  this 
pr  el  t 

* ic-  ;i  " IN-  w-ig-  *1  race  element  4 the  e-roeture  mr  the  statu  ;>l«v  trnamic 
i r v*>  w'-  \ . r-.  . »n  x ; —lain-  irs.gn  f that  elemei*  f"r  the  static 

-al  -I'eei  • «'i-  9 ! » -.1  •»  r -«  1«  V <ufcect«>.'  the  statu  *esign  cVittld  tol- 

•s  ic  • . tel  v-».gi  rr-«rerfcsr~  — -t  .peri  fir  all  raw 
" page  ! 1 - ! .■>  v- v<  * ' ctrrui  tr  elements  are  loaded  pracucallr  unl- 

' r — .i  :*->»>*<>  Th,  eirth  •vrry.cesure*  and  because  A their  great  stiffness 

-r>v  - this  'uc  airng  the  Jeaign  .a  based  4>r>n  l dr -.air.Jc  ined  !ac tor  af  unitv  tt 
i -*vj  ■ r - * 'u:;»  «*-«  that  ’V  I .ad  -»cr  the  more  surface  vf  the  »rch.  dome, 

r - - - »•  sect.  <i  < ri  ind  ejuaJ  1 > the  ur-Nast  werpressure  ->n  the  gT.ujnd 
i r'  ht  an  - - The  «t-ucia-e  TV  earth  'tertovssure  ’ 'art  curves  on  plane  surfaces 
'•ci-rfic*  tv  «hrt,  »arf»ce«  such  as  end  walls  -I  an  arch  "r  the  top  A a circular  tanh, 
i - - -s-.-ce  » < r i t.-,.ar.»  'orated  elenvnt  4 a rectangular  stnsrture 

'!  >cr  1 ! • I-  !*-»•  o tv  ivaj<!  irch.  dowse.  w circular  r !e moot  to  support  the 
«t.>‘  i -i-stigite  .he  resistance  -4  'he s*  elements  to  the  static  plus  the 

r ha  true  a.!  lo  »*  «-•>  •>,  ire  tub>ec  ted  The  maximum  dvnamic  lewd  i*  handled  ts 
*n  «M>ti>"vsi  s la  tit  i-vad  and  no  hnarmc  anslisls  is  involved  It  is  assumed  that  the 
mi- . I- a.!  :*  uft  • 'rmli  applied  arsd  that  th-  element  is  rerr  rigid  wider  this  tvjie 
. ' *.  • x «o  tfc  -1  • tvnt-uc  ' «*J  fsctnr  4 mirt  is  used 


l 3 2 N'-n-an*  >rm  Overpressure  Distribution.  For  a vertically  ap  i*d  dynamic  overpres- 
sure pmi  •*.*  tents  in  Nevada  indicated  thal  Ihe  horizontal  pressure  -.n  the  crttral  surface  of 
a relatively  rigid  rertanguiar  structure  is  approximately  0 15  of  the  vert'-al  pressure  (Refer- 
< ncos  6 and  * 

Sbnu.d  the  lindings  ■(  Hetei  ernes  6 and  * be  substantiated  for  an  underground  semicircular 
arch,  then  such  an  arth  would  tie  subjected  to  bending,  and  its  ultimate  load-carrying  capacity 
would  be  intluenced  bv  its  flexibilitr  A load  appl.ed  to  the  arch  through  the  overlying  earth 
miss  would  pr.xtuce  a downward  deflection  ol  the  crown  and  an  outward  deflection  of  the  haunches. 
This  .witward  dcflectn  n wxnd  be  resisted  by  ’he  soil  mass  and  a passive  pressure  would  be  de- 
■el-'ped.  The  exertion  if  'he  passive  earth  pressure  would  b*  bevflclal.  since  a more  favorable 
pressure  distribution  m the  arch  might  result,  depending  on  the  flexibility  of  the  structure  and 
the  compressibility  A the  soil.  However,  one  requirement  lor  such  structural  behavior  Is  that 
the  arch  permit  the  deflection  and  still  remain  serviceable. 

Some  assumption  must  he  made  relative  to  the  distribution  of  the  initial  horizontal  overpres- 
sure. For  example,  it  could  be  assumed  to  be  a horizontal  overpressure  equal  to  some  fraction 
of  the  vertical  overpressure,  or  it  could  be  a trapezoidal  loading  with  the  overpressure  at  the 
crown  being  equal  to  the  vertical  overpressure,  and  with  the  overpressure  at  the  spring  line 
Ix'ing  equal  to  some  fraction  of  the  vertical  overpressure.  Holmes  and  Narver  made  assump- 
tions that  ar»  xh.  wn  in  Figure  1.2. 
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Figure  1.1  Assumed  overpressure  distributions  on  undergrooad  arches. 
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Figure  1.2  Loadings  assumed  by  the  firm  of  Holmes  and  Nsrver,  Inc. 
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The  following  excerpts  from  the  Holmes  and  Narver  report  (Reference  81  set  forth  the  general 
principles  used  in  their  presho*  'ilysis  of  this  project's  underground  structure: 


"In  the  case  of  semicircular  arches,  the  load  due  to  overpressure  is  assumed  to 
act  radiall),  following  a sinusoidal  vitiation,  with  a maximum  intensity-  at  the  crown 
equal  to  the  overpioHUure  at  the  ground  surface,  and  with  zero  intensity  at  the  base. 

In  addition  to  this  ‘primary’  p,  loading  which  might  be  regarded  as  being  the  load 
pattern  which  wild  apoU  to  a very  rigid  structure,  a ‘secondary'  pj  load  pattern  Is 
considered,  intended  to  approximate  the  load  due  to  passive  earth  pressure  developed 
in  the  region  of  otxward  deflection  of  the  arch.  This  Is  assumed  as  a radial  sinus- 
oidal loading  with  maximum  intensity  pj  at  tf  = 30  * , zero  Intensity  at  9 - 60’  , and 
lero  intensity  at  the  base  ol  the  arch  where  * - 0‘. 

"The  stabilizing  effect  cf  the  p.  loading  is  a function  of  the  unknown  soil  character- 
istics and  the  flexibility  of  the  arch 


It  was  further  stated  that: 


"Several  types  of  arch  failure  are  possible  itee  Reference  9).  An  upper  limiting 
value  of  the  collapsing  ■ ,J  would  be  obtained  on  the  assumption  that  the  loading  is  s 
uniform  radial  pressure  (The  assumption  made  In  Section  421  of  Reference  5.  | 
Failure  would  then  occur  either  by  elastic  Instability,  or  by  a compression  (allure  In 
the  material 

“A  second  tvpe  would  be  failure  due  to  unsyn.metrlcal  loading  resulting  In  high 
bending  stresses  accompanied  by  minimum  thrust. 

“A  third  type  of  failure  would  be  a symmetrical  loading  condition  producing  a much 
lower  bending  stress  In  conjunction  with  a high  thrust. 

“The  first  type  of  failure  implies  complete  absence  of  bending  stresses,  giving  a 
collapsing  presaure  that  is  too  high  The  second  type  of  failure  Is  not  critical  because 
of  Its  extremely  transient  nature  This  leaves  the  third  type  as  the  critical  loading 
condition 

"The  load  pattern  arsuroed  to  represent  the  critical  loading  condition  is  the  sinus- 
oidal tvpe  previously  described. 

" Under  the  loading,  yield  ‘ hinges’  are  assuned  to  occur  In  sufficient  number  to 
reduce  the  structure  to  a mechanism  at  failure  In  calculation  of  the  static  yield 
resistance,  allowance  is  made  for  the  effect  of  axial  thrust  and  the  tributary  earth 
mass  on  the  period  of  vibration 


These  Holmes-Narver  assumptions  concerning  the  loading  were  used  In  their  preshot  analysis 
and  have  been  refined  in  their  postshot  analysts.  The  refinementc  are  presented  In  Appendix  A. 
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Chapter  2 

PROCEDURE 


2.1  TEST  STRUCTURES 

Four  reinforced-concrete  arch  structures  were  tested  during  Shot  Priscilla,  all  placed 
underground  with  the  top  of  the  crown  4 feet  below  the  ground  surface.  The  four  arches  were 
semicircular  in  cross  section,  with  an  inside  radius  of  8 feet  and  thickness  of  8 Inches.  Three 
of  the  structures  were  20  feet  long,  while  the  fourth  was  32  feet  long.  The  32-foot-long  structure 
was  included  to  assure  an  unrestrained  section  of  arch  essentially  free  of  end-wall  effects,  so 
that  it  could  be  determined  how  far  and  to  what  extent  end  walls  affect  arch  action.  This  added 
length  provided  a favoi  able  length-to-span  ratio  of  two  to  one. 

The  32-foot-long  structure  (3.1. n)  and  one  of  the  20-foot-long  structures  (3.1.a)  were  placed 
in  an  area  for  which  a ground-surface  overpressure  of  SO  psl  was  predicted;  the  other  two  struc- 
tures were  placed  in  areas  for  which  overpressures  of  100  pal  (3.1.b)  and  200  psl  (3. l.c)  were 
predicted.  The  general  location  and  shot  geometry  for  the  structures  are  shown  In  Figure  2.1; 
Figure  2.2  shows  'he  plan  and  cross  section  of  a typical  structure. 

For  clarity,  the  following  definitions  pertaining  to  arches  .are  presented  as  used  in  this  re- 
port. Also  see  Table  2.1. 

Springing  line:  Formed  by  the  intersection  of  the  arch  with  the  floor  slab. 

Crown:  The  topmost  part  of  the  arch. 

Haunch:  The  sides  of  an  arch  between  the  springing  line  and  the  crown. 

Intrados:  The  inside  surface  of  the  arch. 

Extrados:  The  outside  surface  of  the  arch. 

Arch  span:  Horizontal  distance  from  springing  line  to  springing  line. 

2.1.1  Design.  The  structural  design  was  accomplished  by  the  firm  of  Ammann  and  Whitney 
under  Contract  No.  DA- 22-079- eng- 195.  This  contract  stipulated  that:  (1)  the  structure  be 
buried  so  that  the  crown  would  be  4 feet  below  the  natural  ground  surface;  (2)  the  arch  be  semi- 
circular; (3)  the  structure  be  designed  to  resist  the  effects  of  a 50-pal  ground- surface  air  over- 
pressure resulting  from  the  detonation  of  a 30-kt  device  500  feet  aboveground;  (4)  the  compressive 
strength  of  the  concrete  be  3,000  psi;  and  (5)  the  principles  set  forth  in  EM  1110-345-414  to  421 
(Reference  5)  be  followed.  The  results  of  the  design  accomplished  by  Ammann  and  Whitney  are 
contained  in  Reference  10. 

The  procedure  in  the  manual  dictated  a very  thin  arch  to  resist  the  transient  load,  but  In 
order  to  provide  a structure  suitable  to  resist  both  static  and  transient  loads,  a thicker  arch 
was  selected.  The  final  structure  was  intended  to  be  a standard-type  structure  that  could  be 
used  by  the  armed  services  if  It  proved  satisfactory  in  a full-scale  test. 

Although  Section  421  of  Reference  5,  which  concerns  below-ground  structures,  specifies  a 
dynamic  load  factor  of  one,  Ammann  and  Whitney  elected  to  use  a dynamic  load  factor  of  two, 
basing  their  decision  on  the  discussion  in  Section  420  of  Reference  5,  which  concerns  above- 
ground arches. 

Ammann  and  Whitney  computed  the  overpressure  load  per  linear  foot  of  arch  length  by  multi- 
plying: design  overpressure  times  dynamic  load  factor  times  arch  span. 

Total  load  = 50  x 2 x 144  x 16,67  • 240,000  lb/ft 
The  load  at  each  reaction  would  then  be: 
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Figure  2.1  Project  plot  plan. 


18 


CONFIDENTIAL 


Reaction  = - 10,000  lb/in 


Inasmuch  as  Reference  5 assumes  a uniform  loading,  there  would  be  no  bending,  and  thus  the 
thickness  needed  to  resist  the  blast  would  be  determined  by  dividing  the  reaction  by  the  ultimate 
dynamic  compressive  strength  of  the  concrete: 

10  000 

Required  thickness  = - D'x  = 3 Inches,  where 

the  ultimate  static  compressive  strength  is  0.8S  x 3,000  pal,  and  the  30-percent  strength  in- 
crease is  assumed  for  dynamic  (blast)  loads.  However,  to  meet  the  American  Concrete  Insti- 

TABLE  2.1  EXPECTED  DEFLECTIONS 


Crown  Deflection* 

Haunch  Deflections 

Structure 

Radial 

(Inward) 

Tangential 

Radial 

(outward) 

Tangential 

(downward) 

Inches 

Inches 

inches 

inches 

3.1.  a 

0.5  to  0.9 

0 

0.3  to  0.6 

0.2  to  0.4 

3.1. b 

0.9  to  17.0 

0 

0.6  to  10.0* 

0.4  to  7.0* 

3.  l.ct 

17.0 

0 

10.0 

7.0 

• Passive  earth  pressures  will  probably  reduce  the  upper  value*  noted  above, 
f Collapse  Is  anticipated.  Maximum  deflections  cannot  be  established. 

tute  (ACD  code  requirements  for  the  specified  3,000-psi  concrete,  an  arch  thickness  on  the 
order  of  8 inches  (depending  upon  specific  design)  was  found  to  be  the  practical  minimum  for 
static  loads  alone.  This  minimum  value  was  established  by  means  of  a cracked- section  analysis. 

The  final  design  included  No.  4 reinforcing  bars  (Vj-lnch  diameter),  spaced  at  lC-inch  cen- 
ters transversely  and  at  12-lnch  centers  longitudinally,  placed  at  the  center  of  the  concrete- 
arch  section. 

2.1.2  damage  Prediction.  Before  Operation  Plumbbob,  very  little  was  known  regarding  the 
response  cf  buried  arches  to  blast  forces  from  nuclear  weapons.  However,  it  was  necessary 
to  predict  the  response  *nd  establish  the  locations  of  the  structures  in  this  experiment.  These 
predictions  were  also  to  b*  used  to  establish  the  range  of  the  Instruments  involved  and  to  set 
the  channel  sensitivity  of  each  electronically  recorded  measurement.  To  this  end,  the  firm  of 
Holmes  and  Narver  performed  a preshot  analysis  of  the  arch  structure  as  designed  by  Ammann 
and  Whitney,  using  methods  other  than  those  prescribed  in  Reference  5.  The  Holmes  and 
Narver  report  (Reference  8)  predicted  that:  (l)  failure  of  the  structure  was  not  to  be  expected 
at  the  50-psl  ground-surface  air-overpressure  level;  (2)  probable  failure  of  the  structure  would 
occur  at  the  100-psl  level;  and  (3)  failure  (collapse)  of  the  structure  would  occur  at  the  200-pal 
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level.  The  estimated  displacement  along  the  center  portion  of  the  arches  of  the  structures  at 
the  three  pressure  levels  is  shown  In  Table  2.1. 

The  general  principles  used  in  the  Holmes- Narver  preshct  analysis  were  given  in  Section 
1.3.2.  An  important  conclusion  reached  by  Holmes  and  Narver  was  that: 

“In  the  case  of  the  arch-type  itructures,  it  is  evident  that  soil  characteristics 
have  an  important  effect  on  ultimate  strength  and  that  proper  compaction  of  the 
backfill  around  the  sides  of  the  arch  is  essential  for  maximum  strength." 

To  obtain  a better  understanding  of  the  behavior  of  a buried  arch  in  the  plastic  range  and  to 
determine  the  ultimate  mode  of  failure  of  the  arch,  three  one-eighth-scale  models  of  the  arch 
used  in  this  project  were  tested  at  the  U.  S.  Naval  Civil  Engineering  Laboratory  (NCEL).  Geo- 
metric similitude  was  maintained  between  the  model  ana  the  prototype;  however,  because  of  the 
small  scale,  no  attempt  was  made  to  maintain  similitude  of  the  unit  weight  of  the  concrete. 

Graded  aand  was  used  in  the  concrete  mix  for  the  model,  and  the  design  strengths  of  the  con- 
crete were  the  same  as  had  been  specified  for  the  prototype.  Small  steel  wires  were  used  to 
simulate  tne  reinforcing  steel.  Soil  cover  was  provided  by  sand  which  had  been  passed  through 
a No.  10  sieve. 

For  convenience,  the  width  oi  the  arch  segment  was  limited  to  4 % inches.  A reinforced  ply- 
wood box  housed  the  model  and  the  sand  cover.  Static  loads  were  applied  to  the  sand  cover  by 
a hydraulic  jack  and  steel  beam,  as  shown  in  Figure  2.3.  In  order  to  reduce  the  frictional  re- 
sistance of  the  sand  on  the  plywood  during  loading,  two  layers  of  plastic- impregnated  paper 
(well  greased)  were  placed  on  all  inner  surfaces  of  the  plywood  box. 

Three  arch  segments  were  tested,  one  with  floor  slab  and  two  without  floor  slab.  Soil- 
pressure  gages  placed  at  the  springing  line  indicated  that  the  loss  of  vertical  pressure  through 
the  soil  mass  varied  from  approximately  55  percent  at  20-psi  applied  load,  to  45  percent  at  50-pai 
load,  and  30  percent  at  130-psi  load.  This  loss  was  presumably  a transfer  of  pressure  to  the 
sides  of  the  box  through  friction  and  was  not  considered  of  much  Importance  in  qualitative  testa 
of  this  type. 

Figure  2.4  shows  the  arch  segment  with  the  floor  slab,  after  sustaining  an  applied  static  load 
of  175  psi.  The  crown  of  the  arch  and  the  floor  slab  cracked  at  50-psi  applied  load.  The  initial 
compression  failure  of  the  concrete  arch  occurred  at  one  springing  line  at  about  110  psi,  and  at 
the  opposite  springing  line  at  130  psi.  Failure  of  one  side  occurred  at  140  psi  and  failure  of  the 
other  side  at  170-psl  applied  load;  extreme  cracking  and  spalling  of  the  concrete  accompanied 
these  failures.  It  should  be  emphasized  that  these  loads  were  applied  to  the  surface  of  the  sand, 
and  that  the  actual  loads  on  the  arch  segment  were  probably  less  than  the  above-mentioned  values. 

The  arch  deflection  at  maximum  load  was  approximately  \\  inch;  permanent  set  after  removal 
of  the  load  was  Vt  inch. 

Based  on  a static  analysis  of  the  stricture  (assuming  a nonuniform  pressure  distribution*  and 
on  results  of  the  model  tests,  the  NCEL  prediction  of  structural  behavior  of  the  arch  section  up 
to  the  design  load  (50  psi)  was  as  follows: 

At  a dynamic  overpressure  of  approximately  10  to  15  psi,  the  moment-carrying  capacity  of 
the  arch  will  be  exceeded  at  the  springing  line.  Since  the  reinforcing  steel  will  be  stressed  be- 
yond the  yield  point,  there  will,  in  effect,  be  plastic  hinges  formed  at  the  springing  line.  During 
the  next  phase  the  structure  will  act  as  a two-hinged  arch,  and  because  of  the  stiffness  cf  the 
arch  the  deflection  will  be  small.  At  approximately  25-  to  35-psi  overpressure,  assuming  a 
symmetrical  loading,  additional  plastic  hinges  will  form  at  the  crown  and  at  the  haunches,  re- 
sulting in  a 5- hinged  arch  mechanism.  Failure  of  the  structure  is  prevented  by  the  buttressing 
effect  of  the  soil  against  the  outward  deflection  of  the  haunches.  At  the  50-pel  design  overpres- 
sure level  the  arch  will  show  evidence  of  permanent  deflection  due  to  the  plastic  deformation  at 
the  critical  sections.  On  the  intrados  of  the  arch,  tension  cracks  will  be  apparent  at  the  crown, 
and  compression  failure  will  be  apparent  at  a point  on  the  arch  about  25  degrees  up  from  the 
springing  line.  Although  the  arch  r ill  be  serviceable  after  receiving  a blast  load  of  50  psi, 
plastic  hinges  will  have  formed  at  the  five  critical  sections.  It  Is  evident  that  considerable  plas- 
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Figure  2.4  Model  arch  alter  test. 
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tic  deformation  will  occur  before  a uniform  pressure  distribution  can  be  realized.  With  an  asym- 
metrical loading  of  any  great  magnitude  on  the  arch,  considerable  structural  damage  could  occur 
during  this  test  because  of  the  small  steel  ratio  of  one-half  of  one  percent. 


2.2  CONSTRUCTION  AND  MATERIALS 

The  four  structures  were  constructed  by  the  general  contracting  firm  of  Lembke,  Clough,  and 
King  of  Las  Vegas,  Nevada.  Holmes  and  Narver  acted  as  the  architect-engineer  for  the  Atomic 
Energy  Commission  and  provided  construction-inspection  services  for  all  projects.  The  entire 
construction  time  for  this  project  was  about  three  months.  The  excavation  for  the  four  struc- 
tures was  completed  early  in  March  1957,  the  structures  were  completed  by  12  April  1957,  and 
the  backfill  operation  was  completed  by  4 June  1957.  (See  Appendix  G for  specifications  and  as- 
sociated design  drawings  used  in  conjunction  with  the  construction  program. ) 

2.2.1  Soil  Properties.  Prior  to  the  field  operation,  laboratory  tests  were  performed  as  a 
part  of  Project  3.8,  Soils  Survey,  on  both  undisturbed  and  remolded  samples  of  soil  obtained 
from  the  general  vicinity  of  the  site  where  the  structures  were  to  be  located.  The  soil  in  the 
area  had  a uniform  appearance  and  lextur?,  and  can  be  generally  classified  as  clayey-silt.  The 
results  of  compaction  tests,  Atterberg  limits  tests,  and  mechanical  analyses  on  the  natural  soil 
at  variou«  depths  are  shown  In  Figure  2.5. 

In  an  attempt  to  duplicate  the  compressibility  characteristics  of  the  natural  soil,  a series  of 
tests  were  performed  on  samples  of  remolded  soil  of  various  water  contents,  using  three  dif- 
ferent compaction  eiforts.  Test  specimens  were  prepared  from  the  mold  samples,  and  a con- 
fined compression  test  was  performed  in  a consolidometer  apparatus.  A tangent  modulus  of 
deformation  was  established  from  the  test  data;  based  on  analysis  of  the  data,  the  backfill  ma- 
terial was  recommended  to  be  placed  at  100  percent  standard  AASHO  density,  with  a water  con- 
tent 3 percent  less  than  optimum.  The  resulting  recomim  _Hed  and  as-placed  values  of  dry 
density  and  water  content  for  the  backfilled  soil  necessary  to  duplicate  the  modulus  of  compress- 
ibility are  given  in  Table  2.2  along  with  values  for  the  undisturbed  natural  soil  located  adjacent 
to  the  backfill  areas. 

Shortly  after  the  backfilling  operation  was  completed,  undisturbed  soil  samples  were  obtained 
from  both  the  backfill  and  the  adjacent  natural  soil  at  depths  of  4 and  10  feet  at  the  four  stations. 
Samples  were  obtained  in  the  backfill  after  the  shot  also,  but  no  strength  tests  were  made  since 
the  results  from  the  preshot  and  postshot  density  and  water-content  tests  showed  no  significant 
change  and  thus  no  change  in  the  poatshot  strength  characteristics  of  the  material  (see  Table  2.2). 
The  compree8lbillty  of  the  compacted  backfill  was  about  equal  to  that  of  the  natural  undisturbed 
soil  when  compared  by  means  of  similar  ‘ests,  1.  e.,  consolidation  tests,  constant  ratio  of  applied 
stress  triaxiai  tests,  and  sonlscope  tests,  as  shown  in  Table  2.3.  The  compressive  modulus  for 
the  compacted  backfill  as  determined  by  the  sonlscope  test  is  lower  than  that  for  the  natural  soil, 
which  may  be  due  to  test  conditions.  The  natural  soil  samples  were  encased  in  3- Inch-diameter 
steel  tubes  when  subjected  to  sonlscope  tests  whereas  the  undisturbed  record  samples  were  en- 
cased in  6- inch-diameter  cardboard  tubes.  The  difference  in  tubes  may  have  had  a marked  ef- 
fect on  the  transmission  characteristics  of  the  samples.  (For  a detailed  description  of  the 
various  soil  properties  and  associated  tests,  see  the  report  of  Plumbbob  Project  3.8,  Refer- 
ence 11.) 

2.2.2  Construction- Material  Properties.  Type  n Portland  cement  was  used  In  the  construction 
of  the  concrete  arches.  The  aggregate  was  pit  run,  screened,  and  stockpiled  at  the  Frenchman 
Flat  area;  the  maximum  size  of  coarse  aggregate  was  approximately  2 inches.  A mechanical 
analysis  of  the  sand  indicated  that  the  grain  sizes  ranged  from  a No.  4 to  a No.  200  U.S.  standard 
sieve  3lze.  A summary  of  the  proportions  used  In  the  concrete  mix  design  for  the  four  structures 
is  shown  In  Table  2.4. 

Thirty  standard  concrete  cylinders  (compressive  strength  specimens)  and  ten  concrete  beams 
(flexural  strength  specimens)  were  obtained  from  each  structure  for  laboratory  tests  which  es- 
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Figure  2.5  Typical  backfill  material  of  the  3.1  structures. 


TABLE  2.2  DENSITY  AND  WATER  CONTENT  OF  SOIL 


Water  Content.  pet  Dry  Density.  pcf 


Ranged  Ranged 


From 

To 

Average 

From 

To 

Average 

Undisturbed  Natural  Soil 

9.4 

15.1 

12.8 

73.5 

86.3 

79.0 

Recommended  for  Backfill 

20.0 

23.0 

21.5 

94.7 

99.4 

97.1 

Control  Tests  during  Backfill* 

17.5 

24.0 

20.7 

68  0 

107.0 

96.7 

Preshot,  4 ft  below 

16  3 

22.1 

19  2 

So  4 

104.?. 

99.9 

Surface  of  Backfill 
Postshot,  4 ft  below 

16.8 

20.8 

18.5 

90.2 

106.1 

99.2 

Surface  of  Backfill 


• Average  of  40  samples  per  struct'tre. 


TABLE  2.3  COMPARISON  OF  COMPRESSIBILITY  CHARACTERISTIC  OF 
NATURAL  SOIL  WirH  COMPACTED  BACKFILL 


Natural  Soil  'psi) 

Compacted  Backfill  (psi) 

Ranged 

Ranged 

From 

To 

Average 

From 

To 

Average 

Modulus  of  deforma- 
tion (consolidated 
tests  at  applied 
stress  - 50  psi) 

2,410 

6.080 

4,130 

? .200 

6,950 

5,300 

Modulus  of  compres- 
sion (triaxial 
tests) 

1,500 

12,000 

6,450 

3,850 

14,000 

7,600 

Compressive  modulus 
(sonlsr  ,pe  tests) 

223,580 

734,050 

506,000 

130,440  146,340 

135,800 

TABLE  2 4 CONCRETE  DESIGN  MIX  PER  CJBIC  YARD 
Standard  mix  prescribed  for  all  structures 

Material 

Weight 

Absoluts 

Volume 

tb 

ft* 

Gravel 

2,000 

12.03 

Sand.  1,188  lb  (dry) 

1,188 

7.70 

Free  Water  in  Sand,  4.35  pet  or  52  lb 

52 

0.84 

Water  Added,  28.5  gal 

237 

3.80 

Cement,  5.5  sacks 

517 

2.S3 

Totals: 

3,994 

27.00 
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tablished  7-day  28-day,  and  shot-time  strengths.  The  tops  of  the  cyl:- ter  specimens  were 
covered  immediately  alter  they  were  prepared.  All  the  exposed  surfaces  of  the  specimens  and 
structures  were  sprayed  with  Hunt's  curing  compound.  The  various  specimens  were  placed  on 
the  ground  surface  near  the  appropriate  struc'ure. 

Shortly  alter  the  forms  were  stripped  from  the  various  structures,  half  of  the  specimens  to 
be  tested  at  shot  time  were  removed  from  the  molds  and  allowed  to  cure  lr  *he  open.  When  the 
structures  were  backfilled,  the  specimens  that  had  heen  removed  from  the  molds  were  covered 
with  the  same  backfill  material  in  an  attempt  to  simulate  the  curing  condition  experienced  by 
the  various  structures.  The  remaining  specimens  17-day,  28-day,  and  the  remaining  shot-time 
specimens)  were  removed  from  the  molds  in  the  testing  labo.-at  ry.  All  of  the  shot-time  speci- 
mens were  sent  to  tne  testing  laboratory  one  month  prior  to  the  Priscilla  event. 

The  laboratory  tests,  conducted  by  the  Nevada  Testing  Laboratory.  Ltd.,  Las  Vegac,  Nevada, 
consisted  of  determining  the  compressive  strengths,  flexural  strengths,  and  static  moduli  of 
elasticity  of  the  concrete  specimens  at  various  times  after  the  structures  were  poured.  In  addi- 
l.on  to  these  tests,  values  of  the  dynamic  modulus  of  elasticity  at  shot  time  were  d^ermlned  for 
several  of  the  specimens  by  personnel  of  the  Concrete  Division  of  the  Waterways  fc^eriment 
Station  (WES).  Tests  to  determine  the  static  modulus  of  elasticity  were  performed  on  the  cylinder 
specimens,  while  the  dynamic  tests  (nondestructive)  were  performed  on  the  beam  specimens  in 
order  to  take  advantage  cf  the  additional  length — thus  increasing  the  reliability  of  the  results. 
Dynamic  modulus  of  elasticity  was  calculated  by  using  procedures  outlined  by  the  American  So- 
ciety for  Testing  Materials  'ASTM  Designation  C215-55T).  Several  specimens  were  tested  at 
the  end  of  seven  days  to  determine  if  the  concrete  had  attained  sufficient  strength  to  allow  the 
removal  of  forms.  The  other  specimens  were  tested  at  28  days  and  at  the  time  of  the  Priscilla 
event.  The  results  of  all  tests  indicating  the  compressive  strength  values  with  respect  to  age 
for  each  structure  are  shown  in  Figure  2.6.  Four  curves  of  average  stress  versus  strain  lor 
the  concrete  specimens  obtained  from  tne  various  arch  sections  and  tested  at  shot  time  are 
shown  in  Figure  2.7.  The  results  of  the  concrete  strength  tests  at  the  time  of  the  Priscilla 
event  are  shown  In  Table  2.5. 

In  addition  to  the  above  specimens,  NCEL  personnel  prepared  three  compressive  and  three 
flexural  strength  specimens  from  both  the  base  slab  and  the  arch  of  Structure  3.1. n.  These 
specimens  were  removed  from  the  molds  when  the  forms  were  stripped  from  Structure  3.1.n, 
stored  on  the  floor  slab  for  curing  purposes,  and  tested  at  shot  time.  The  results  of  these  NCEL 
tests  are  included  with  the  strength  results  shown  In  Figures  2.6  and  2.7. 

Intermediate- grade  billet  steel  was  used  exclusively  as  the  reinforcing  material  In  the  various 
structures.  Ten  sample  reinforcing  bars  of  53-lnch  length  were  taken  for  each  of  the  three  sizes 
used  (Nos.  3,  4,  and  6).  All  bars  from  each  group  were  tested  for  ultimate  strength,  percentage 
of  elongation,  and  stress  versus  strain  Into  the  plastic  range.  The  tests  on  the  relnforclng-bar 
specimens  were  performed  at  NCEL;  results  of  these  tests  are  shown  in  Table  2.6. 


2.2.3  Construction  Methods.  A backhoe  was  used  to  excavate  the  four  areas.  The  soil  prop- 
erties were  3uch  that  the  contractor  could  utilize  vertical  excavations,  thereby  necessitating  a 
mii-lmum  of  excavation  effort.  The  sides  of  the  excavation  were  approximately  2 feet  from  the 
sides  of  the  base  slabs  of  the  various  structures,  and  the  floor  of  the  excavation  was  level  to 
within  i '« Inch. 

Concrete  materials  were  combined  in  a portable,  central  batching  plant  adjacent  to  Water 
Well  5b  (Frenchman  Flat),  2 miles  from  the  construction  area.  Bulk  cement  was  used  and 
was  stored  In  a portable  hopper  that  weighed  the  amount  of  cement  required  per  batch  of  con- 
crete. A portable  batching  plant  (Travel  Batcher)  was  used  to  hold  and  weigh  the  cement,  sand, 
and  gravel.  The  cement,  aggregate,  and  water  were  poured  Into  the  mixing  trucks  (5-cubic- 
yard  capacity)  simultaneously. 

The  base  3labs  for  ali  of  the  structures  were  poured  first.  The  steel  In  the  base  slab  was 
placed  according  to  plan,  except  that  the  top  reinforcing  bars  were  Inadvertently  placed  one 
inch  lower  than  was  specified.  (See  Figure  2.8  for  typical  placement  of  reinforcing  steel  In  a 

26 


CONFIDENTIAL 


(000 


1 


CONFIDENTIAL 


} lgure  2.8  f'otnpresal»e  strength  ui  concrete  versus  age. 


4000 


I 


M 

a 

9 

3 


C 

c 

c 

2 

w> 


c 

3 


!sd‘mjis  *wts*x!u>oo  jjun 


21 


CONFIDENTIAL 


Figure  2.7  Stress-strain  curve  lor  concrete  at  sl>ot  time. 


T 


base  slab. ) Concrete  was  placed  by  a hydraulic  crane  with  a drop-bottom  bucket  ('/j-cublc-yard 
capacity)  and  was  compacted  by  electrical  vibrators.  After  the  concrete  had  attained  its  Initial 
set.  the  exposed  surfaces  were  sprayed  with  Hunt's  curing  compound. 

The  upper  portion  of  the  structures  (the  arch,  end  walls,  and  the  entrance  shaft)  was  poured 
monollthlcally  and  placed  In  the  manner  described  previously.  The  mtrados  of  the  various 
structures  wore  formed  by  placing  Universal- type  forms  (1  by  4 feet)  on  semicircular  wood  sup- 
ports fixed  on  4- foot  centers  along  the  floor  slabs.  The  extrados  forms,  seven  rows  on  1-foot 

TABLE  2 i CONCRETE  STRENGTH  CHARACTERISTICS 

Sp<cim«ns  taatad  at  the  tim*  of  tb*  Priscilla  event 

ComprexxTra  Modulus  Modulus  at  Elasticity  Modulus 

Structure  Strength,  at  E ot  Poixxca'a  Ratio,  r 

Ultimata  Rupture 3tatlc* Dynamic Rigidity.  G 


pat 

P*l 

10*  pa) 

10*  pal 

10*  pal 

Dfaaaalonlaxa 

AT 

at 

Ct 

Dt 

Et 

Ft 

3.1  x 

4470  (S3  dxya) 

33S 

3.44 

4.63 

4.40 

3.30 

1.53 

0.21 

0.14 

3.1. b 

4,610  (SS  dxya) 

334 

3.74 

4.83 

4.41 

3.22 

l .54 

0.20 

0.1S 

3.1.0 

4.7SO  .54  dxya) 

34S 

3.82 

4.42 

4.34 

3.24 

1.54 

0.20 

0.17 

3.1.a 

4410  f7S  dxya) 

480 

3.44 

3.01 

4.73 

5.47 

2.01 

0.23 

0.16 

Araragu 

4,470 

323 

3 41 

i SS 

4.34 

341 

1.S3 

0.21 

0.1S 

* Values  obealaad  from  6-  by  12-lac*  cylinders,  all  ot*sr  riluss  obtained  froa  (-  by  <-  by  2«-lacb  beams. 
•A.  Obuuasd  from  flexural  resoasal  frequency  by  vibrating  transversely  in  the  horizontal  plane. 

B.  Same  ss  above  by  vlbrsuag  transversely  in  a vertical  plane. 

C Obtained  from  longitudinal  resonant  frequency. 

D.  Obtained  from  torsional  reeoonnt  frequency. 

E Poiesoo’s  ratio,  r » E/<2G)  - 1,  using  E value  from  Column  A. 

F.  Same  as  above,  using  E value  from  Column  B 


centers,  were  placed  on  the  bottom  half  of  the  arch,  leaving  the  remaining  surface  adjacent  to 
the  crown  to  be  screed ed.  The  exposed  concrete  was  sprayed  with  Hunt's  curing  compound  after 
the  concrete  had  attained  its  Initial  set.  (See  Figure  2.9  for  details  of  form  and  steel  placement 
In  the  arch  section  ol  the  structures;  a completed  structure  is  shown  In  Figure  2.10. ) 

Prior  to  the  placement  of  the  backfill,  controlled  amounts  of  water  were  thoroughly  mixed 
with  the  backfill  material  in  order  to  establish  the  desired  water  content.  The  material  was 

TABLE  2.6  REINFORCING  STEEL  PROPERTIES 


Bar  Size  Yield  Ultimate  Elongation  Modulus  of 

Number Point Strength In  8 Inches Elasticity 


psl 

psl 

percent 

10*  pxi 

3 

52,200 

73,400 

21.3 

29 

4 

47.500 

73.200 

21.3 

31 

6 

47,100 

75,600 

22.3 

30 

then  spread  in  4- Inch  lifts  and  compacted  with  mechanical  and  pneumatic  tampers.  The  soft 
immediately  around  the  earth  pressure  cells  located  on  the  various  structures  was  carefully 
hand  tamped  to  attain  the  same  degree  of  compaction  as  the  surrounding  backfill  material.  Per- 
sonnel from  Project  3.8  took  samples  during  the  backfill  operation  to  ensure  that  proper  com- 
paction was  obtained.  (See  Section  2.2.1  for  soil  properties. ) 

Shortly  after  (he  backfill  operation  was  completed,  the  top  layer  of  soil  developed  a polygonal 
cracking  pattern,  the  cracks  penetrating  the  top  lift  erf  the  compacted  backfill.  To  prevent  fur- 
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Figure  2.8  Floor  slab  prior  to  pouring  concrete.  Structure  3.1.c. 

the  soil.  Previous  reports  (Reh  rences  6 and  7i  indicate  that  for  Nevada  Test  Site  soil  the  aver- 
age lateral  pressure  on  a vertical  wall  ol  an  underground  rectangular  structure  subjected  to  a 
nuclear  blast  is  approximately  15  percent  as  great  m magnitude  as  the  pressure  applied  at  the 
top  suriace  ol  the  soil  lor  depths  ol  earth  cover  ol  up  to  8 left.  This  information  is  not  directly 
applicable  to  arch  structures,  however,  since  the  arch  deflettien  affects  the  soil  pressure. 
Therefore,  attempts  were  made  in  this  investigation  ti  determine  the  load  distribution  on  the 
arch. 

In  addition  to  a knowledge  >>!  the  loading  conditions,  proper  design  of  a structure  depends  on 
an  understanding  n|  us  structural  oehavior  under  the  applied  loads.  Since  information  on  the 
response  ot  an  underground  ar<h  structure  subjected  to  blast  loading  is  meager,  response 
measurements  were  also  obtained  lor  these  structures. 

2.3. 1 Instrumentation.  Instrumentation  of  the  lour  structures  ol  this  project  included  both 
electronic  .remote-re* ordingi  and  mechanical  isell- recording i systems.  Electronic  measuio- 
ments  were  nude  of  transient  atr  overpressures,  deflections,  accelerations,  earth  pressures, 
and  strains;  mechanical  measurements  were  made  ol  air  overpressures  and  deflections.  The 
Ballistic  Research  Laborator.es  (Project  3. 7 1 accomplished  the  instrumentation  for  Structures 
3.1. a,  b.  and  c;  lor  a detailed  description  of  this  work  refer  to  Appendix  B.  The  NCEL  accom- 
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plished  the  Instrumentation  (cr  Structure  3.1.n;  for  a detailed  description  of  this  work  refer  to 
Appendix  C.  The  general  Instrumentation  layout,  including  gage  Identification  for  the  four 
structures,  Is  shown  in  Figures  2.11  and  2.12. 

In  order  to  determine  the  degree  of  radiation  proti  tion  afforded,  all  four  structures  were 
instrumented  with  gamma  film  badges  and  neutron  chemical  dosimeters  by  tne  Chemical  War- 
fare Laboratory  (Project  2.4).  A description  of  this  work  Is  presented  In  Appendix  D. 

A possibility  existed  that  the  severe  ground  shock  would  spall  the  inside  surfaces  of  the 
structure,  thereby  creating  missile  (chips  or  fragments  of  concrete)  hazards.  To  determine 
the  quantity  and  size  J.  Uu.se  missiles,  Styrofoam  missile  traps  were  Installed  in  all  of  the 
structures  by  the  Lovelace  Foundation  (Project  33.2).  In  addition,  dust  collectors  were  placed 
In  the  four  structures  to  determine  If  the  ground  shock  would  cause  dust  on  and  within  the  con- 
crete  walls  to  splU  Into  the  structure.  A description  of  this  work  can  be  found  in  Appendix  E. 

The  Instrumentation  utilized  Is  listed  in  Table  2.7.  Figures  2.13  through  2,16  show  the  over- 
all layout  of  the  recording  instr  ments  In  the  four  structures,  as  well  as  a view  of  the  Interior 
of  the  structures. 

To  determine  the  effect  of  Irradiation  on  different  types  of  photographic  paper  and  film  used 
In  electronic  recording,  four  types  of  recording  paper  and  one  type  of  film  were  exposed  to 
various  Intensities  of  radiation.  Results  are  presented  in  Appendix  F. 

2.3.2  Damage  Survey.  The  damage  survey  consisted  of  level  and  transit  surveys,  photo- 
graphs, and  a visual  Inspection. 

A level  and  transit  survey  was  performed  after  the  structures  were  completed,  and  prior  to 
the  backfilling.  Identical  surveys  were  also  performed  both  prior  to  and  after  the  shek  in  order 
to  determine  the  relative  permanent  deflections  and  movements  caused  by  the  ground- surface 
air  overpressure. 

Photographs  and  visual  inspections  of  the  structures  were  made  before  and  after  the  shot  to 
record  visible  damage  and  also  to  aid  in  the  Interpretation  d instrumentation  results. 

2.3.3  Methods  of  Data  Analysis.  The  methods  of  reducing  the  records  obtained  from  the 
various  gages  are  presented  in  Appendices  B and  C.  Presented  below  are  two  methods  In  which 
the  final  records  shown  in  Appendices  B and  C were  used  to  determine:  (1)  transient  deflection 
by  means  of  double- integration  of  acceleration  records;  and  (2)  transient  moment  and  thrust 
from  strain  records. 

Method  Using  Acceleration  Records.  Since  transient  deflection  records  lor  the 
base  slab  were  not  available,  the  acceleration  records  for  Structures  3.1. a,  b,  and  c were 
double- Integrated  by  the  d method,  originated  by  Professor  N.  M.  Newmark,  to  yield  the  tran- 
sient deflections.  This  method  Is  a numerical  Integration  process  in  which  various  values  of  d 
can  be  selected  to  represent  variations  of  accelerations  In  the  time  interval,  h.  ft  Is  particularly 
adaptable  to  computer  solution. 

Equation  of  motion:  The  equations  of  velocity  and  displacement  take  the  following  form: 

“ X*  + Vnh  + O/t-0)  anhl  + ^n  + ,h* 
and 

^n  + i 3 vn  + jT^n  + an  + p 

Where:  X = deflection 
V - velocity 
a = acceleration 
h * time  Interval 
d = variable 

When  d Is  assigned  a value  of  %,  the  variation  of  acceleration  Is  linear  In  the  time  Interval  h, 
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Figure  2.11  Instrumentation  layout.  Structure*  3.1. a,  b,  and  c. 
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Figure  2.12  Instrumentation  layout,  Structure  3.1. n. 
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TABLE  2.7  INSTRUMENTATION  SUMMARY 


Type 

Quantity 

Type 

Quantity 

Electronic-recording  Gages: 

Radiation  Measu.mg  Devices: 

Earth  pressure/time 

26 

Gamma  film  badges 

20 

Displacement/ time 

17 

Neutron  chemical  dosimeters 

20 

Acceleration/time 

7 

Neutron  threshold  d.  .ices 

2 

Air  pressure/time 
Strain/ time 

2 

16 

Total 

42 

Toul 

Self-recording  Gages: 

Scratch  type  (peak  deflection  only) 

68 

Missile  Measuring  Devices 

Electrical  Strain  Gages  (static  readings  only) 

Mechanical  Strain  Gage  Stations 

4 

9 

39 

4 

Deflection/time 

24 

Air  pressure/time 

6 

Total 

34 

Figure  2.13  Interior  views,  Structure  3.1. a. 
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and  the  deflection  equation  becomes 

xn  -r  i = r '3an^'  + '«an  + t 

Since  records  from  accelerometers  are  subject  to  baseline  shifts,  the  records  shown  in  Ap- 
pendix B were  corrected  using  a method  suggested  by  D.  C.  Sachs  of  Stanford  Research  Institute. 
This  method  assumes  that  no  acceleration  for  underground  structures  occurs  after  t^  (tj  is  time 
at  which  the  positive  air  pressure  phase  ends)  and  therefore  that  the  velocity  remains  constant 
thereafter.  Since  the  accelerometer  was  found  stationary,  this  constant  velocity  must  have  been 
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zero.  If  the  first  integration  of  the  acceleration  record  did  not  give  a zt-ro  velocity  at  tj,  the 
axis  of  the  acceleration  record  was  snifted  to  obtain  the  desired  zero  velocity  (see  Figure  2.17). 

This  revised  acceleration  record  was  then  double- integrated  to  obtain  displacement.  Since 
from  the  above  discussion  both  the  acceleration  and  velocity  are  zero  alter  tjj,  it  follows  that 
the  displacement  at  t^  must  be  the  permanent  displacement.  Accordingly,  a second  shift  of  the 
acceleration  record  axis  was  made  si  that  the  computed  displacements  at  tj  were  equal  to  the 
surveyed  permanent  displacement  (see  Figure  2.17). 

This  twice-revised  accelerat.on  record  was  then  considered  valid,  and  was  used  as  the  source 
of  displacement  time  data. 

Method  Using  Strain  Records.  The  major  purpose  of  instrumenting  Structure  3.1. n 
with  strain  gages  was  to  determine  the  moment  and  thrust  at  various  points  throughout  the  arch, 
and  how  this  moment  and  thrust  varied  with  time.  In  particular,  ..  was  desired  to  ascertain  these 
reactions  at  the  springing  line. 

With  this  purpose  in  m:nd,  strain  gages  were  placed  on  the  outside  surface,  Inside  surface, 
and  the  steel  reinforcing  (neutral  axis  of  uncracked  section)  at  seven  different  points  around  the 
arch.  There  were,  however,  insufficient  channels  to  record  all  of  the? ' gages  during  the  blast. 

It  was  therefore  decided  to  record  the  strains  at  both  springing  lines,  at  the  crown,  and  at  the 
30-  and  60-degree  points  of  the  ground- zero  side.  In  addition,  the  measurements  at  the  three 
latter  points  could  be  recorded  only  for  two  of  the  three  gages.  Since  concrete  cracks  at  tensile 
strains  of  about  100  to  200  mlcrolnches  per  Inch,  gages  on  the  tension  side  would  not  give  worth- 
while data  at  strains  greater  than  this.  Therefore,  the  gage  on  the  steel  and  the  gage  thought 
most  likely  to  be  on  the  compression  side  were  the  two  gages  used  for  recording  purposes. 

In  order  to  simplify  the  reduction  of  strain  to  moment  and  thrust,  it  was  assumed  that:  (1) 
the  variation  of  strain  across  a given  section  was  linear;  (2)  as  long  as  the  structure  remained 
elastic,  a constant  value  could  be  used  for  the  modulus  of  elasticity;  (3)  the  concrete  was  cracked 
at  tensile  strains  greater  than  approximately  100  microinches  per  inch;  and  (4)  the  effect  of  the 
steel  In  the  arch  '•ould  be  neglected. 

With  the  above  assumptions,  the  strains  at  any  given  section  could  be  separated  into  the  strain 
due  to  moment  and  the  strain  due  to  thrust.  The  strain  due  to  moment  would  be  equal  to  one  half 
the  .Jgebraic  difference  of  the  strains  in  the  extreme  uncracked  fibers.  The  strain  due  to  thrust 
would  be  equal  to  one  half  the  algebraic  sum  of  the  strains  in  the  extreme  uncracked  fibers. 

The  thrust  would  then  be  determined  by  multiplying  the  strain  due  to  thrust  by  the  modulus  of 
elasticity  and  area  of  the  concrete.  The  moment  would  be  determined  by  multiplying  the  strain 
due  to  moment  by  the  modulus  of  elasticity  and  the  section  modulus  of  the  concrete. 

One  strain  gage  was  placed  on  the  top  reinforcing  steel  of  the  fkx.r  slab  near  each  springing 
line.  To  determine  the  horizontal  reaction  at  the  springing  line,  It  was  nece8„~>-y  to  make  the 
assumption  that  the  moment  in  the  floor  slab  at  this  point  was  equal  to  the  moment  in  the  arch 
at  the  springing  line.  A moment  that  placed  the  intrados  In  compression  at  this  point  would  also 
produce  a compressive  strain  in  the  subject  gage.  An  outward  movement  of  the  arch  would  pro- 
duce a tensile  strain  in  the  gage.  Therefore,  to  determine  the  strain  due  to  the  horizontal  thrust, 
the  bending  strain  had  to  be  algebraically  subtracted  from  the  recorded  strafn.  The  strain  due 
to  horizontal  thrust  was  then  used  m the  manner  described  previously  to  c'Jculate  the  horizontal 
thrust  In  the  base  slab.  This  was  assumed  to  be  equal  to  the  horizontal  reaction  of  the  arch  at 
the  springing  line. 
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Chapter  3 

RESULTS 


All  four  of  the  structures  withstood  the  effects  of  the  Priscilla  fhot  and  remained  In  usable  con- 
dition. Even  though  none  of  the  3.1  structures  failed,  valuable  information  was  obtained  from 
he  test.  The  buried  concrete  arches  proved  very  effective  in  resisting  the  blast  effects  from 
a nuclear  weapon. 

This  chapter  p-esents  only  the  peak  v«uues  of  transient  and  permanent  measurements.  The 
variations  of  earth  pressure,  deflection,  acceleration,  etc.,  with  time  are  presented  in  Appendices 
B and  C. 

3.1  AIR  OVERPRESSURE 

The  actual  air  overoressurea  received'  at  the  three  ranges  were  56,  124,  and  199  psi  com- 
pared to  the  predicted  values  of  50,  100,  and  200  psi.  The  project  plot  plan  (Figure  2.1)  shows 
that  Structures  3.1. a and  3.1.n  received  the  lowest  loading  of  56  psi,  Structure  3.1. b next  with  124 
psi,  and  Structure  3.1.c  received  199  psi,  the  highest  loading.  The  closeness  of  the  predicted 
values  to  the  recorded  values  indicated  that  load-input  conditions  in  this  test  were  satisfactory. 

The  ground-surface  air-overpressure  values  measured  by  the  self-recording  pressure  gages 
appear  reliable,  since  these  values  compare  favorably  with  the  blast-line  data.  The  blast  line 
was  located  approximately  250  feet  from  the  above  gages. 

Measurements  showed  no  increase  in  air  pressure  within  any  of  the  four  structures  during 
the  test. 

3.2  EARTH  PRESSURE 

The  peak  transient  earth  pressures  on  Structure  3.1.b  (see  Figure  3.i)  show  that  in  several 
instances  the  earth  pressure  exceeded  the  ground- surface  air  overtreasure.  Even  though  the 
values  of  pressure  were  recorded  to  the  nearest  one  pst,  some  of  the  values  could  not  be  ac- 
curately determined  because  either  the  range  of  the  calibration  or  the  range  of  the  amplifying 
equipment  was  exceeded  This  was  especially  true  for  gages  E10  and  E10.I,  at  the  crown  of 
Structure  3.1.b.  These  gages  were  placed  next  to  each  other  in  order  to  determine  what  effect 
the  method  of  mounting  had  on  earth-pressure  measurements  (see  Appendix  B).  Only  the  peak 
earth-pressure  values  for  the  precursor  phase  could  be  compared  sincp  the  peak  values  for  the 
main  shock  phase  were  beyond  the  calibrated  range  of  the  gages. 

A comparison  of  pressure  values  from  gages  E9  and  Ell  shows  that  the  loading  was  asym- 
metrical. The  peak  pressure  for  gage  E9,  located  on  the  ground-zero  side,  was  60  percent 
higher  than  l'or  gage  Ell,  located  on  the  lee  side  of  the  arch. 

It  should  be  pointed  out  that  the  earth  pressures  being  discusse''  are  transient  pressures  re- 
sulting from  ground-surface  air  overpressure  and  that  the  static  earth  pressures  (dead  load) 
existing  at  the  time  of  the  shot  are  not  included.  Negative  values  wou'd  indicate  reductions  In 
the  existing  static  earth  pressures. 

The  geometry  of  the  earth-pressure  gage  mounting  at  the  30-  and  60-degree  positions  on  Struc- 
ture 3.1.n  (see  Figure  C.l)  adversely  affected  the  measurements.  The  projection  of  the  mounts 
into  the  soil  apparently  caused  an  increase  of  pressure  on  the  gages  measuring  vertical  pressures 
and,  possibly  because  of  arching,  a decrease  on  the  gages  measuring  horizontal  pressure.  The 
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gages  at  the  crown  and  springing  line,  however,  were  flush- mounted  and  gave  what  appear  to  be 
reliable  measurements,  which  are  included  in  Figure  3.1. 

3.3  DEFLECTION 

The  peak  transient  radial  deflections  of  the  arch  with  respect  to  the  center  ot  the  floor  slab 
for  Structures  3.1. a,  b and  e are  shown  in  Figure  3.2.  These  values  are  the  actual  recorded 
maxima,  as  read  from  the  deflection- gage  records.  However,  the  floor  slab  itself  underwent 
differential  deflection  as  indicated  by  comparing  the  integrated  acceleration  records  (see  Figures 
3.7  and  3.8).  Therefore,  the  plots  of  peak  transient  radial  deflections  of  the  arch  were  adjusted. 


Figure  3.4  Peak  transient  deflections  with  respect  to  the  springing  line,  Structure  3.1.n. 

taking  into  consideration  the  movement  of  the  floor  slab.  These  corrected  valuer  are  used  in 
Figure  3.3,  which  shows  the  peak  transient  radial  deflections  of  the  arch  and  center  of  the  floor 
slab  with  respect  to  the  springing  line. 

The  record  from  the  accelerometer  located  at  the  center  of  the  floor  slab  for  Structure  3.1. a 
was  not  suitable  for  double  integration  and  could  not  be  used  In  determining  deflections  of  the 
slab.  Therefore,  since  the  acceleration  cf  the  slab  was  small,  it  was  assumed  for  Figure  3.3 
that  there  was  no  differential  deflection  in  the  floor  slab.  However,  by  comparing  the  combined 
transient  deflection  of  0.42  Inch  for  Structure  3.1. a with  the  crown  deflection  of  0.23  Inch  for 
Structure  3.1.n  (Figure  3.4),  it  might  be  assumed  that  the  peak  transient  downward  deflection  for 
Structure  3.1. a ranged  from  0.20  to  0.30  Inch  and  that  the  upward  deflection  of  the  center  of  the 
base  slab  was  approximately  0.20  Inch,  all  values  being  relative  to  the  springing  line. 

The  corrected  plots  (Figure  3.3)  show  the  outward  movement  of  the  haunch,  which  was  not 
evident  In  Figure  3.2.  Since  electronic  Instrumentation  channels  in  the  field  were  at  a premium, 
only  one  gage  was  located  at  each  of  the  three  points  on  the  arches,  even  though  it  requires  two 
gages  to  describe  the  excursion  of  a point.  It  was  hoped  that  the  two  self-recording  (backup)  gages 
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would  describe  both  the  horizontal  and  vertical  movement  of  the  crown;  however,  none  of  the  self- 
recording  deflection  gages  functioned. 

The  peak  transient  deflections  of  the  3.1.n  arch  with  respect  to  the  springing  lines  are  shown 
in  Figure  3.4.  In  this  structure  two  gages  were  used  at  each  point  to  trace  both  the  horizontal 
and  vertical  movements.  Section  A-A  of  Figure  3.4  shows  the  maximum  excursion  of  three  points 
on  the  in tr ados  near  the  center  of  the  structure.  These  deflections  show  that  the  structure  under- 
went bending  with  :ne  crown  moving  downward  and  the  haunches  outward.  It  can  also  be  observed 
that  the  bending  was  slightly  asymmetrical  with  some  movement  away  from  ground  zero.  The 
elevation  view  shows  the  deflections  of  the  crown  along  the  longitudinal  center  line  of  the  arch. 

The  deflections  of  this  structure  were  rot  large  enough  to  definitely  establish  the  distance  to 
which  the  end  walls  affected  arch  action.  This  w*s  indicated,  however,  by  p=*Mero  of  the 
cracks  discussed  in  Section  3.8. 

The  permanent  deflection  of  the  crown  with  respect  to  the  springing  line  for  Structure  3.1. a, 
b,  and  c is  compared  in  Figure  3.5,  again  showing  the  influence  of  the  end  walls  In  restraining 
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Figure  3.5  Permanent  crown  deflection  with  respect  to  the  springing  line 
of  the  arch.  Structures  3.1. a,  3.1.b,  and  3.1. c. 

arch  deflection.  The  permanent  deflection  of  the  crown  with  respect  to  the  springing  line  for 
Structure  3.1. n measured  less  than  0.05  inch.  The  permanent  deflections  determined  from  a 
level  survey  are  given  In  Tables  3.1,  3.2,  3.3,  and  3.4. 

3.4  ACCELERATION 

The  peak  transient  accelerations  of  the  floor  slabs  are  shown  in  Figure  3.6.  The  largest 
acceleration  was  a 13.4  g at  the  springing  line  of  Structure  3.1.c.  This  acceleration  had  a 
duration  of  approximately  25  milliseconds.  It  is  Interesting  to  compare  this  peak  floor-slab 
acceleration  of  13.4  g with  the  peak  Iree-field  acceleration  of  the  soil.  The  top  of  the  floor 
slab  was  12%  feet  below  the  ground  surface.  At  a depth  of  10  feet  and  at  the  same  range  as 
Structure  3.1.c,  References  12  and  19  show  free-fleld  accelerations  of  16.5  g and  17.1  g, 
respectively.  It  is  also  interesting  to  observe  bow  the  acceleration  Increases  as  the  overpres- 
sure increases.  The  same  references  indicate  that  by  increasing  the  ground- surface  air  over- 
pressure from  200  to  300  psl  the  peak  acceleration  at  a depth  of  10  feet  would  be  increased  from 
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Figure  3.6  Peak  transient  acceleration,  Structures  3.1, a,  b,  and  c. 
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an  average  of  16.8  g to  an  average  of  about  150  g.  These  high  values  of  acceleration  would 
most  probably  be  physiologically  hazardous  to  personnel  (Reference  31). 

The  adjusted  double-integrated  acceleration  records  (see  Section  2.3.3  for  the  method  used 
in  Mtegrating  records)  for  gages  A-3  and  A-4  of  Str"cture  J.l.b,  and  1AV-10  of  Reference  12 
are  shown  in  Figures  3.7,  3.8,  and  3.9,  respectively.  Thu  deflection  history  of  the  base  slab 
and  free-field  measurements  as  shown  m the  three  figures  was  used  m the  preparation  of  a 
transient  history  of  earth  pressure  and  deflection  for  Structure  3.1.b  shown  in  Figure  4.2  of  the 
next  chapter.  Figures  3.7  and  3.8  were  also  used  tn  preparing  Figure  3.3.  The  adjusted  records 
for  Structures  3.1. a and  c are  not  shown. 

3.5  STRAIN 

Strain- versus-time  records  were  taken  at  16  points  on  Structure  3.1.n.  Peak  transient  values 
of  strain  approximately  15C  milliseconds  after  the  arrival  of  the  blast  wave  at  the  structure  are 
shown  m Figure  3.10.  The  three  strains  at  the  springing  line  on  the  ground-zero  side  plot  into 
essentially  a straight  line  for  any  given  time.  At  all  other  gage  sections  only  two  strain  values 
were  recorded.  A straight  line  was  drawn  through  each  set  of  values.  Strains  were  not  recorded 
on  any  of  the  other  test  structures. 

It  was  assumed  that  the  concrete  cracked  at  tensile  strains  greater  than  about  100  microinches 
per  inch.  Based  on  this  assumption,  it  is  believed  that  the  concrete  was  cracked  to  a depth  of 
greater  than  3 inches  in  some  places. 

The  largest  recorded  concrete  strain  was  575  microinches  per  inch,  at  the  crown  on  the  ex- 
trados.  A concrete  modulus  of  elasticity  of  4.5  x 10s  psi  would  give  a resulting  stress  of  about 
2,600  psi.  The  largest  recorded  steel  strain  was  1,000  microinches  per  inch  in  tension.  It  was 
m the  top  steel  in  the  center  of  the  floor  slab.  When  multiplied  by  a steel  modulus  of  elasticity 
of  30  x 10*  psi,  t'  i resulting  steel  stress  was  30,000  psi  in  tension. 

The  values  of  residual  or  permanent  concrete  strains  were  low,  as  can  be  seen  in  Figure  3.11. 
Large  tensile  strains  indicate  cracks,  as  can  be  seen  by  comparing  with  Figure  3.17. 

3.6  MISSILES 

No  missiles  (concrete  fragments)  were  found  in  the  missile  traps  in  any  of  the  structures. 

3.7  RADIATION 

A summary  of  the  total  radiation  dose  within  the  four  structures  and  the  total  amount  at  the 
ground  surface  (free-field  radiation  dose)  is  shown  in  Figures  3.12  through  3.15.  These  four 
figures  show  that  the  entranceways  admitted  the  major  portion  of  the  radiation  dose  into  the 
structures.  Although  no  special  effort  was  made  to  attenuate  radiation  at  the  entranceways, 
examination  of  the  figures  shows  that  radiation  was  attenuated  greatly  with  distance. 

3.8  DAMAGE  SURVEY 

Structure  3.1. a.  Visual  inspection  of  the  interior  of  this  structure  Indicated  minor  damage 
In  the  form  of  small  hairline  cracks  located  mainly  In  the  floor  slab.  The  location  of  these 
cracks  is  shown  in  Figure  3.16. 

Structure  3.1,n.  Visual  inspection  of  the  interior  of  this  structure  Indicated  minor  damage 
in  the  for  a of  small  hairline  cracks  located  in  the  floor  and  intrados.  The  location  and  size  of 
the  cracks  are  shown  in  Figure  3.17.  The  restraint  of  the  end  walls  on  the  arch  action  is  graph- 
ically illustrated  by  these  cracks,  even  though  the  cracks  are  of  insignificant  widths.  The  crack 
pattern  indicates  that  the  end  walls  affected  the  arch  for  a distance  of  about  11  feet,  or  slightly 
less  than  1 1/2  times  the  arch  radius. 

Structure  3.1.b.  Visual  inspection  indicated  minor  damage  in  the  form  of  small-  to  media 
size  cracks.  The  width  of  cracks  in  the  floor  slab  varied  from  hairline  to  */Ig  inch;  the  crackr 

(Text  continued  on  Page  59) 
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Figure  3.7  Adjuated  double- Integration  of  Record  A- 3,  Structure  3.1. b. 
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Figure  3.8  Adjusted  double-integration  oi  Record  A-4,  Structure  3.1.b. 
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Figure  3.9  Adjusted  double- integration  of  Record  1AV-10  (free-fleld),  Reference  13. 
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Figure  4.J-  Peak  transient  a train*,  Structure  3.1. n.  Figure  3.11  Permanent  concrete  atrainu,  WMttemore  gugeo, 

Structure  3.1.n. 
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igure  3.13  Total  nuclear  radiation  dose  profile,  Structure  3.1.n 
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Figure  3.14  Total  nuclear  radiation  dose  profile,  Structure  3.1.b. 
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Figure  3.15  Total  nuclear  radiation  dose  profile,  Structure  3.1.c 
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Figure  3.18  Postshot  crack  survey,  Structure  3.1.b. 


in  the  Intrados  varied  from  hairline  to  jj  inch.  It  is  apparent  that  the  floor  slab  underwent 
bending,  with  the  top  of  the  floor  slab  in.  tension.  Horizontal  hairline  cracks  located  7 feet 
above  the  plane  of  the  springing  lines  on  the  ground-zero  aide  of  the  intrados  show  that  the  arch 
also  underwent  bending.  Figure  3.18  shows  the  results  of  the  postshot  crack  survey  of  this 
structure. 

Structure  3.1.c.  A large  number  of  cracks  developed  in  the  floor  slab,  intrados,  and  end 
walls  of  this  structure.  The  width  of  the  cracks  in  the  floor  slab  varied  from  hairline  to  ]\t  inch, 
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Figure  3.19  Postshot  v*»ck  survey,  Structure  3.1. c. 


while  the  cracks  in  the  intrados  varied  from  hairline  to  \'n  Inch  in  wldta.  The  results  of  the  post 
shot  survey  of  cracks  are  shown  in  Figure  3.19.  Cracks  in  the  floor  slab  are  visible  In  the  two 
interior  views  of  Structure  3.1. c,  shown  in  Figure  3.20.  Figure  3.21  shows  one  of  the  diagonal 
cracks  in  the  floor  slab  Uhe  loose  material  on  the  floor  is  grout,  not  structural  concrete).  The 
general  crack  pattern  around  the  grout- filled  hole  through  which  an  earth-pressure  gage  was 
placed  under  the  center  of  the  floor  slab  is  shown  in  Figure  3.22. 

Minor  compressive  spalling  of  the  concrete  was  observed  over  a 2- foot  length  on  the  ground- 
zero  side  of  the  Intrados,  near  the  center  of  the  structure  and  approximately  2 feet  above  the 
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Figure  3.23  Hatch  cover,  Structure  3.1.c,  postshot. 


springing  line.  Horizontal  cracks  7 feet  up  from  the  plane  of  the  springing  lines  on  the  intrados 
of  both  the  ground-zero  and  leeward  side  of  the  arch  indicated  that  the  arch  was  subjected  to 
bending. 

The  entranceway  hatcn  cover  and  the  surrounding  ground  surface  prior  to  the  initial  re-entry 
of  the  structure  are  shown  in  Figure  3.23.  Some  scouring  of  the  earth  was  observed  on  the 
ground-zero  side.  The  entranceway  had  been  moved  away  from  the  earth  on  the  ground-zero 
side,  creating  a vertical  crack  between  the  concrete  surface  of  the  entranceway  and  the  earth 
backfill. 


Chapter  4 

DISCUSSION  of  RESULTS 


4.1  CONSTRUCTION  MATERIALS 

In  a field  test  in  which  the  load  is  generated  by  an  atomic  veapon,  it  is  just  as  important  that 
the  actual  strength  of  the  materials  involved  (1.  e. , the  concre.t,  reinforcing  steel,  and  soil) 
closely  approximate  their  design  strength  values  as  it  is  for  the  actual  blast  pressure  to  closely 
approximate  the  design  blast  pressure.  The  degree  of  proximity  of  the  actual  values  of  material 
strength  and  blast  pressure  to  the  predicted  values  dictates  the  degree  of  success  of  the  experi- 
ment. 


4.1.1  Concrete  Strength.  The  average  concrete  compressive  strength  of  the  four  structures 
at  the  time  of  the  Priscilla  Shot  was  approximately  4,500  psi,  or  SO  percent  greater  than  the 
design  strength  of  3,000  psi.  Therefore,  the  structural  capacity  of  the  arch  structures  to  resist 
overpressure  loadings  was  accordingly  greater.  The  average  conc>-ete  strength  for  Structure 

3.1.  c (199-psi  air-overpr“S3ure  level)  at  shot  time  was  4,800  psi,  t rich  was  60  percent  greater 
than  the  design  strength  If  it  is  assumed  that  resistance  to  failure  depends  on  ultimate  con- 
crete strength,  then  the  ultimate  load  (ground-surface  overpressure  that  would  cause  collapse) 
for  the  4,800-psi  concrete  would  be  appreciably  greater  than  that  for  the  3,000-psi  concrete. 

If  a uniform  radial  loading  (Figure  A.1,  Loading  A)  is  used  and  3,000-psi  and  4.300-psi  con- 
crete strengths  are  assumed,  the  calculated  collapsing  air  overpressures  for  Structure  3.1.C 
for  these  two  strengths  would  be  280  psi  and  450  psi,  respectively. 

4.1.2  Backfill  Material.  In  tests  of  buried  structures,  knowledge  of  backfill  material  is 
important  since  it  is  through  this  medium  that  the  air-induced  ground  shock  must  pass  in  order 
to  act  upon  the  structures. 

The  degree  to  which  the  load  is  diverted  from  tile  structure  (the  arching  action  of  soil)  is  a 
difficult  quantity  to  evaluate  and  no  attempt  is  made  in  this  report  to  determine  the  arching 
characteristics  of  the  soil  surrounding  the  test  structures.  However,  the  backfill  was  placed 
and  controlled  so  that  the  modulus  of  compressibility  would  be  the  same  as  that  of  the  adjacent 
natural  soil;  thus,  a given  overpressure  would  cause  equal  deflections  in  the  backfill  and  in  the 
natural  soil.  (See  Table  2.2  for  a comparison  of  moduli  of  compressibility. ) In  order  to  attain 
this  duplication  of  the  moduli  of  compressibility,  it  was  necessary  that  the  density  and  the  water 
content  of  the  backfill  material  be  greater  than  that  of  the  natural  soli.  Because  of  (he  duplica- 
tion of  the  compressive  moduli,  the  test  structures  were  surrounded  by  soil  having  nearly  the 
same  load-carrying  capacity  as  that  of  the  natural  soil. 

By  comparing  the  density  and  water-content  samples  prior  to  and  after  the  shot,  it  was 
found  that  no  change  in  water  content  or  density  of  the  backfilled  soil  occurred  at  depths  of  4 
feet  below  the  ground  surface  at  the  three  pressure  levels. 

The  depth  of  the  backfill  over  the  arches  was  not  changed  by  the  effects  of  the  shot.  The 
measured  depth  of  earth  cover  over  the  crown  of  Structures  3.1. a,  b,  c,  and  n was  4.3,  4.1, 

4.1,  and  4.2  feet,  respectively. 

The  strains  and  deflections  measured  on  Structure  3.1.n  during  backfilling  were  small.  Ap- 
proximately 250  strain  readings  were  taken,  none  of  which  were  greater  than  50  mtcrolnches 
per  inch.  The  deflection  leadings  showed  that  during  backfilling  the  maximum  upward  deflection 
of  the  crown  was  about  0.01  inch  and  the  maximum  inward  deflection  of  the  haunch  midway  be- 
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tween  the  springing  line  and  crown  was  about  0.01  inch.  At  the  completion  of  the  backfilling, 
the  crown  was  deflected  downward  about  0.02  inches  and  the  haunch  was  deflected  outward  about 
0.01  inch. 


4.2  ARCH  RESPONSE 

The  crack  pattern  of  the  model  arch  (Figure  2.4)  tested  by  the  U.  S.  Naval  Civil  Engineering 
Laboratory  (N'CEL)  was  geometrically  similar  to  the  crack  patterns  (Figures  3.16  through  3.111) 
that  developed  in  all  four  prototype  structures.  The  compressive  spalling  of  concrete  observed 
in  Structure  3.1.c  occurred  2 feet  above  the  springing  line,  which  corresponds  closely  to  the 
geometrically  equivalent  location  of  compressive  failure  in  the  model  arch.  On  the  basis  of 
geometric  similitude  only,  the  predicted  load  to  produce  failure  for  Struc»ure  3.1.c  by  using 
the  values  ootained  from  the  mode!  arch  is  calculated  as  follows: 


PP  <m 


Where:  Pp 
Pm 


- Failure  load  prototype.  (Assume  that  the  dynamic  load  is  carried 
as  a static  load  and  that  the  concrete  strength,  fc,  is  increased  for 
dynamic  capacity,  Reference  5). 

= Static  failure  load,  model.  (Section  2.1.2:  Failure  on  one  side 
occurred  at  140  psi  and  the  other  at  170  psl;  however,  the  effective 
load  on  the  arch  must  be  computed  by  reducing  the  pressures  by  28 
and  25  percent,  respectively,  to  account  for  the  load  loss  to  the 
walls  oi  the  test  container.  The  effective  loads  are  therefore  101 
and  128  psi,  respectively,  the  average  being  115  psl. ) 

= Concrete  strength,  prototype.  (4,780  psi  from  Table  2.5  multiplied 
by  a dynamic  increase  factor  of  G.oo  x 1. JO  equals  5,300  psi.) 

= Concrete  strength,  model  (3,000  psi). 


Then: 


115  psi  “ 5,300  psl 
PP  1 3,000  psi 


203  psi 


If  a value  of  plus  or  minus  10  percent  is  assumed  for  the  variance  oi  concrete  strength,  then  tne 
pressure  to  cause  failure  would  range  from  a^oroximately  180  to  220  psl.  The  effect  that  the 
end  walls  of  the  prototype  structure  had  in  s porting  part  of  the  overpressure  load  is  not  in- 
cluded nor  is  the  magnitude  of  that  load  .mown.  These  crude  calculations  coupled  with  the  evi- 
dence of  compressive  spalling  indicate  that  the  arch  may  have  been  very  close  to  failure. 

It  was  found  that  the  four  structures  underwent  a gross  transient  and  permanent  downward 
displacement,  as  well  as  relative  deflections  of  the  arch  and  floor  slab  with  respect  to  the 
springing  lines  of  the  arches.  The  total  permanent  downward  displacements  of  the  four  test 
structures,  referenced  to  a survey  point  located  on  tf.  top  of  the  entranceway  ot  . ach  structure, 
is  presented  in  Figure  4.1,  showing  that  the  displacement  caused  by  the  blast  increased  linearly 
with  air  overpressure  up  to  the  200-psi  level. 

4,2.1  Transient  Response  to  Earth  Pressure.  To  represent  graphic  • the  transient  response 
of  the  arch  to  tne  earth  pressure  or  ground  shock,  sequential  plots  of  earl  pressure  and  de- 
flections iStructure  3.1.b;  with  respect  to  time,  along  with  the  respectlv.  ground-surface  *' 
overpressures,  are  shown  in  Figure  4.2.  In  the  sequential  plots,  the  base  iltne  aB)  has  u n 
removed  from  the  arch  proper,  thus  giving  two  distinct  plots  (i.  e. , arch  and  base  slab)  of  earth 
pressure  and  deflection.  The  radial  arch  deflections  are  plotted  with  respect  to  the  springing 
line,  whereas  the  base  slab  not  only  shows  the  relative  deflection  of  the  center  of  the  base  slab 
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with  respect  to  the  springing  line  but  also  shows  the  transient  gross  displacement  of  the  spring- 
ing line  as  well.  In  addition,  based  on  data  obtained  in  Project  1.5,  (Reference  12),  free-field 
soil  displacement  determined  at  the  same  air-overpressure  range  (see  Figure  3.9)  also  is  shown 
in  Figure  4.2.  Even  though  the  free-held  data  were  taken  at  a depth  of  10  feet  and  the  toj'  of  the 
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Figure  4.1  Permanent  downward  displacement  of  the  3.1  structures. 

slab  of  the  test  structure  described  herein  was  located  12  feet  8 Inches  below  the  ground  surface, 
the  free-fleld  data  were  referenced  to  the  original  location  of  the  base  slab  (line  AqBq)  so  that  a 
direct  comparison  of  displacement  could  be  made. 

'rhe  air- induced  ground  shock  arrived  approximately  200  msec  after  zero  time  (time  of  det- 
onation). The  first  visible  effects  of  earth  pressure  on  the  crown  of  the  arch  occurred  at  205 
msec.  The  fol.owlng  is  a description  of  the  response  of  the  arch  structure  at  the  times  of  the 
various  plots  shown  in  Figure  4.2. 

At  210  msec:  The  entire  structure  began  moving  downward  (gross  movement)  as  a rigid 
body;  the  free-tleld  point  had  not  yet  started  to  move. 

At  230  msec:  The  earth  pressure  was  nearly  uniform  over  the  entire  arch  surface  and 
base  slab.  The  free-fleid  oolnt  moved  downward  0.14  Inches  while  the  base  slab  moved  down- 
ward 0.11  Inches. 

At  250  msec:  The  precursor  wave  was  nearly  terminated  and  the  decrease  In  earth  pres- 
sure could  be  obse«  ved.  In  addlf'on  to  the  gross  displacement  of  the  structure  as  a whole,  the 
arch  began  to  deflect  with  respect  to  the  springing  line. 

At  260  msec:  The  main  s*>ock  arrived.  Here  again,  the  crown,  by  virtue  of  Us  position, 
was  subjected  to  load  before  the  free-field  point,  which  explains  why  the  downward  movement 
of  the  base  3lab  caught  up  with  the  downward  displacement  of  the  free-field  point.  Apparently 
the  arch  deflection  had  not  yet  responded  to  the  main  shock.  It  was  also  observed  that  the  pres- 
sure at  the  45-degree  lines  Increased  slightly,  while  the  pressure  at  the  springing  line  was  es- 
sentially zero.  This  fact  was  also  observed  during  the  Initial  precursor  build-up  at  210  msec. 

At  270  msec:  The  earth  pressure  was  rapidly  building  up  ai  ound  the  arch  with  the 
greatest  pressure  at  thn  crown.  The  pressure  on  the  base  slab  at  the  center  was  decreasing, 

(Text  continued  on  Pag.  74) 
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Figure  4.2  Continued. 
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while  the  pressure  at  the  end  was  increasing,  indicating  redistribution  uf  pressure  and  the  lni- 
t.at.on  <,!  crac.ang  m the  base  slab. 

At  280  msec:  The  ground- surface  air  overpressure  was  approximately  70  psi  and  de- 
cri-asi.ng  rapidly.  The  >'Urth  pressure  continued  to  build  up  around  the  arch,  .ncreasing  greatly 
at  \.e  s:.r:'.s.:'.g  line.  Tr.e  pressure  on  the  slab  at  the  d-r.ter  was  ntgaiivt,  while  the  pressure 
L-.ld-up  at  the  end  was  c ji.sidei  able,  thus  indicating  that  by  now  the  slab  had  cracitea  through 
isee  Figure  3.15  ur  crack  pattern)  and  that  the  central  portion  of  the  slab  was  no  longer  capable 
of  carrying  loads  transmitted  by  the  arch.  The  slab  under  each  springing  line  was  now  acting 
as  a wall  footing,  carrying  'he  load  transmitted  by  the  arch.  Rather  than  attempt  an  intuitive 
interpretation  of  the  pressure  distr.bution  on  the  base  slab,  the  pressure  distribution  is  shown 
to  oe  triangular  aitnougn  the  actual  pressure  distribution  most  likely  was  not  triangular.  The 
relative  movement  of  the  slab  was  greater  at  the  center  than  at  the  ends,  thus  showing  that  the 
cracked  slab  ^footings)  was  ben  g punched  into  the  soil.  The  arch  was  beginning  to  respond  to 
the  n.ain  shock,  showing  asymmetrical  dc-ilection,  the  haunch  on  the  ground-zero  side  moved 
inward  while  the  opposite  haunch  moved  outward. 

At  300  msec:  The  earth  pressure  at  the  springing  line  increased 'with  respect  to  the 

other  earth  pressures  around  the  aren  ring.  This  might  be  explained  as  being  the  at-rest  pres- 
sure while  tne  otne-r  observed  pressures  are  active  pressures  being  reduced  by  arching  in  the 
soil  On  the  other  hand,  this  may  be  due  to  an  out  ward  movement  at  the  springing  line  and  thus 
oe  a pa.  -ve  earth  pressure.  There  are  not  sufficient  data  to  determine  if  there  was  any  move- 
ment at  . ringing  line,  although  suen  movement  would  be  consistent  with  the  general  inward 
defiectiOi.  - •'■h  ring.  The  displacement  of  the  free-field  point  became  greater  than  the 

displacemto  ’e  slab. 

At  3 20  m3ec:  relative  increase  of  the  springing  line  earth  pressure  continued.  The 

relative  deflect. on  O.o  ■ i of  the  center  of  the  slab  with  respect  to  the  springing  line  reached 
a maximum.  The  springing  1.  -oss  displacement  exceeded  that  of  the  free-field  point. 

At  330  msec:  The  deflection  curve  sbowed  an  inward  bending  of  the  crown. 

At  3 40  msec  : The  gross  downward  movement  of  the  springing  line  reached  a maximum 
value  of  2.31  inches.  By  comparison,  the  peak  transient  downward  displacement  of  Structure 
3.  l.c  was  3.36  inches. 

At  . "he  earth  pressure  decreased  greatly  while  the  arch  deflections  reached 

a maximum.  The  displacement  of  the  base  slab  and  the  free-field  soil  point  began  to  decrease. 

At  370  msec:  The  earth  pressure  decreased  greativ.  There  was  no  differential  de- 
flection between  the  center  of  the  floor  slab  and  the  ends. 

At  400  msec  : The  crown  and  ground-zero-side  haunch  were  returning  to  the  permanent 
ii  t at  a faster  rate  than  the  leeward- side  haunch.  The  free-field  point  gross  displacement  ex- 
ceeded that  of  the  springing  line. 

At  4 50  msec  : The  permanent  set  of  the  floor  slab  Is  shown.  The  last  trace  of  earth 
pressure  was  recorded  at  500  msec. 

A:  70  3 msec:  The  permanent  set  of  the  arch  ring  is  shown  and  is  compared  with  the 
values  obtained  from  a level  survey. 

The  peak  transient  and  permanent  deficit  ions  of  the  crown  with  respect  to  the  springing  line 
are  sfviwn  in  Figure  4.3.  The  permanent  deflections  in  this  case  were  approximately  one  half 
the  magnitude  of  the  maximum  transient  deflections.  These  plots  indicate  the  possibility  of 
■ on, piling  a set  of  failure  criteria  based  upon  ultimate  permanent  set. 

4.3,2  Arch  Ri  anion.  The  strain  nuormation  was  used  to  determine  reactions,  l.e. , 
moments,  thrusts,  tc. . for  Structure  3.  l.n.  A sequential  plot  of  moment  and  thrust  for  the 
ar<h  is  shown  in  figure  4.4.  An  nteraction  diagiam  of  moment  and  thrust  (using  the  data  from 
F’gure  4.4i  lor  ’he  springing  line  and  crown  is  shown  u.  Figure  4.5  along  with  interaction  curves 
f >r  the  worxing  stress  of  1,  J30  psi  for  3,C00-psi  concrete,  the  working  stress  of  1.900  pm  for 
4,210-psi  concrete  (actual  average  cylinder  strength  for  Structure  3. l.n.  Table  2.4J,  and  the 
diagram  for  ultimate  moment  and  thrust  (Reference  15}  using  the  dynamic  strength  value  for 
3,000-psi  concrete.  The  diagram  for  ultimate  moment  and  thrust  using  the  dynamic  value  of 
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the  measured  concrete  strength  is  not  shown.  The  figure  shows  that  the  arch  unde -went  ap- 
preciable bending  action. 

PI  its  of  moment,  vertical  reaction,  and  horizontal  reaction  at  the  springing  line  Struc- 
ture 3.1.n  are  shown  m Figuje  4.6.  All  three  plots  show  that  the  response  at  each  sp  inging 
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Figure  4.3  Peak  transient  and  permanent  deflections  of  crown,  with 
respect  to  springing  line,  Section  111,  Structures  3.1. a,  b,  and  c. 


line  was  approximately  the  same  and  that  the  time  lag  for  the  response  at  each  springing  line 
was  negligible.  The  vertical  reaction  at  the  springing  line,  assuming  that  the  ground-surface 
air  overpressure  1 58  psi)  is  projected  vertically,  Is  as  follows: 


Reaction 


56  psi  < 12  in,  ft  < 100  In 
l.'.'O1)  lb  kip 


67  kips  ft 


The  average  value  of  the  maximum  vertical  reaction  for  each  springing  line  (Figure  4.6)  Is  65 
kips  per  foot,  which  approaches  the  value  calculated  from  the  ground- surface  air  overpressure. 
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Figure  4.4  Transient  moment  and  throats,  Structure  3.2.n. 
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A comparison  of  this  average  value  and  calculated  value  Indicates  that  the  vertical  component 
of  earth  pressure  on  the  structure  is,  for  practical  purposes,  e',jal  to  the  ground* surface  atr 
overpressure  directly  above  the  structure. 


4.3  RADIATION 

A metnod  of  predicting  gamma  radiation  within  burled  structures  (presented  in  Reference  13) 
was  used  to  predict  the  average  radiation  within  the  four  structures  The  method  assumes  that 
radiation  will  follow  the  pat'  of  least  resistance,  and  thus  it  Is  assumed  that  the  radiation  ex- 
perienced right-angle  turns  as  Illustrated  In  Figure  4.7.  It  Is  also  assumed  that  one  right-angle 
turn  attenuates  radiation  by  a factor  of  '/„  or  (6.7  x 10~ *)  and  that  two  right- angle  turns  attenuate 
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it  by  a factor  of  l/»0  °r  (5  x 10”3).  Li  addition,  it  is  also  assumed  that  radiation  is  attenuated  by 
the  ratio  of  entranceway  area  to  wall  area.  The  attenuauon  factors  for  materials  such  as  con- 
crete, steel,  etc. , are  determined  in  Reference  14. 

Since  radiation  enters  structures  of  the  3.1  type  in  two  ways,  (1)  through  the  entranceway, 
and  1.2)  through  the  earth  cover  and  concrete  arch  section,  the  attenuation  factors  for  the  two 
paths  of  radiation  must  oe  determined.  The  calculations  are  as  foiiows: 

The  attenuation  factor  (A^j  for  entranceways  can  be  determined  by  means  of  the  following 
formula: 


At  = Ad  x As  x Aa 


In  this  formula,  At 


total  attenuation  factor 


Aj  = attenuation  caused  by  two  right-angle  turns  in  radiation 
transmission  = 5 a.  10“3 


As  = attenuation  factor  for  't-inch  steel  plate  = 10-1 

Aa  = attenuation  eifect  determined  by  the  ratio  of  entranceway  area 
to  wall  area  = 16.3  it3  t 83.7  ft3  = 2 x io-1 


Thus,  \ is  determined  to  be  9 * 10“*. 

The  attenuation  factor  (Aj)  for  earth  cover  and  concrete  arch  can  be  determined  by  means 
of  the  following  formula: 


At  * A<j  x Ae  * Ac  x Aa 


In  this  formula,  \ 
Ad 


Ac 

Aa 


total  attenuation  factor 

attenuation  caused  by  one  90-degree  turn  in  radiation 
transmission  = 6.7  x 10“3 

attenuation  factor  for  48  inches  of  soli  = 5 x 10“3 
attenuation  factor  for  8 inches  of  concrete  * 3.5  x 10“' 
area  effect  = Vj  d*  r d = 3.3  x 10”’ 


Thus,  At  is  determined  to  be  3.9  x 10“*. 

The  attenuation  factors,  as  calculated  above,  were  used  to  predict  the  radiation  within  the 
structures  and  the  resulting  values  are  shown  in  Table  4.1  along  with  measured  radiation  values 
taken  near  the  center  line  of  the  structures.  It  is  interesting  to  ne'e  that  the  predicted  values  of 
internal  gamma  radiation  intersect  the  curves  shown  in  Figures  3.12  through  3.15  at  distances 
of  5 to  8 feet  from  the  entranceway. 


4.4  ACCOMPLISHMENT  OF  OBJECTIVES 

The  general  and  specific  objectives  listed  in  Chapter  1 are  repeated  here  along  with  a state- 
ment regarding  how  well  they  were  accomplished. 

General  Objective.  "To  determine  the  suitability  of  underground  concrete  arches  as 
protective  shelters  .is  well  as  their  resistance  in  the  high-overpressure  ranges  (50  to  200  psl) 


•The  use  of  a "radiation-window”  width  cl  d/3  is  arbitrary.  It  represents  an  attempt  to 
hnd  a correlation  between  the  increase  of  “window"  width  and  an  increase  In  attenuation  due 
to  increased  soil  thickness. 
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TABLE  4.1 

COMPARISON  OF 

PREDICTED 

WITH  MEASURED  GAMMA 

RADIATION  DOSE 

WITHIN  THE 

STRUCTURES 

?reu*oted  Internal  Gamma  Dose 

Measured 

Gan.ma 

Dose* 

Structure 

Free  Field 

Atur.uation  Factors 

Gamma  Dcde 

Entranceway 
<9  < I0_i) 

Soil  and  Concrete 
,3  9 x I0's) 

Total 

r 

r 

r 

r 

r 

3.1  a and  n 

1 05  < 10s 

95 

4 

99 

45 

3 l.b 

2.0  *■  10' 

180 

8 

188 

125 

3.1  c 

3.0  x 10: 

270 

12 

282 

210 

• Measured  13  3 feet  from  door  in  3.1. a,  b,  and  c.  It'  feet  from  door  in  3.1.n. 


from  a kiloton-range  air  burst.  " The  resistance  of  the  3.1-type  structures  to  high  overpressures 
was  proved  to  be  adequate. 

Specific  Objectives. 

1.  “To  compare  t.ie  response  of  four  underground  concrete  arch  structures  when  subjected 
to  controlled  loading  ranging  from  design  load  through  failure  load.  ” Even  though  the  close-in 
structure  did  not  fail,  the  comparisons  of  the  responses  of  the  structures  at  the  three  overpres- 
sure levels  has  provided  valuable  data  concerning  the  behavior  of  such  structures  under  three 
loads. 

2.  “To  determine  the  load  distribution  on  a buried  arch  due  to  a nuclear  blast.  ’’  The  load 
distribution  was  determined  and  compared  to  the  ground -surf ace  air  overpressure  even  though 
the  magnitude  of  certain  earth-pressure  records  was  questionable. 

3.  “To  gain  a better  understanding  of  the  basic  response  of  that  portion  of  the  arch  element 
which  is  in  no  way  affected  by  restraint  or  support  from  the  end  walls.  “ Analysis  of  the  data 
showed  that  the  response  of  the  arch  was  significant  in  both  bending  and  compression.  From 
the  available  data  it  is  not  known  to  what  degree  the  end  walls  restrained  arch  action  at  the  cen- 
tral portion  of  the  structures. 

4.  "To  determine  to  what  extent  the  end  walls  of  an  underground  arch  affect  its  response.  " 

It  was  found  thr*  the  end  walls  restrain  the  arch  for  a distance  ranging  from  approximately  one 
to  one  and  one  half  times  the  arch  radius. 

5.  “To  study  tne  interaction  of  the  soil  and  the  structure  to  establish  an  idealized  soil- 
structure  system  that  could  be  adapted  to  analytical  treatment.  ” Although  the  magnitude  of  cer- 
tain earth- pressure  values  is  questionable,  the  interaction  of  the  soil  and  structure  was  compared. 
The  sum  of  the  vertical  reactions  at  the  springing  lines  for  Structure  3.1.n  was  e-sentlally  equal 
to  the  total  air-overpressure  load  directly  above  the  structure.  The  value  of  the  horizontal  com- 
ponent of  earth  pressure  is  of  paramount  importance  since  it  rar.  greatly  increase  the  structaral 
resistance  of  the  arch  by  providing  an  opposing  reaction.  Test  results  indicated  that  the  ratio  of 
horizontal  to  vertical  earth  pressure  Is  closer  to  0.5,  which  Is  much  greater  than  the  previously 
accepted  value  of  0.15  (References  6 and  7).  A more  accurate  knowledge  of  the  horizontal  to 
vertical  pressure  ratio  must  be  known  before  any  idealized  system  can  be  developed. 

6.  "To  •♦etermine  the  amount  ot  protection  from  radiation  provided  by  the  structure.  " The 
protection  is  determined  and  is  graphically  presented  tn  this  report,  it  is  evident  that  the  ad- 
ditional prelection  trom  several  nail-value  layer  thicknesses  of  material  located  between  the 
hatch  cover  and  interior  of  the  structure  woulu  reduce  the  gamma  dose  to  a tolerable  value  even 
at  the  200-psi  .ur-pressure  range. 

7.  "T ) gam  information  that  a ill  be  of  direct  use  in  establishing  the  design  criteria  for  a pro- 
totype cast-in-place  concrete  personnel  shelter.  “ Several  methods  of  loading  have  been  pr<*- 
sented  (Figures  1.1a,  1.2  and  A.l)  but  the  final  selection  of  loading  criteria  cannot  be  made  until 
failure  is  produced  In  one  of  the  structures  during  some  future  test. 
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CONCLUSIONS  and  RECOMMENDATIONS 


5.1  CONCLUSIONS 

The  following  conclusions  ore  bused  on  the  behavior  of  the  soil-structure  combination  de- 
scribed herein  and  are  limited  to  similar  combinations  subjected  to  similar  loads. 

The  3.1-type  structure  pro'  cd  to  be  an  adequate  shelter  for  resisting  air  overpressure  oi  up 
to  200  psi,  thereby  showing  that  an  underground  reinforced-concrete  arch  is  an  excellent  type 
structure  for  use  in  providing  protection  against  nuclear-blast  effects. 

A reasonable  design  method  for  underground  arches  cannot  be  developed  until  more  is  known 
about  the  dynamic  properties  of  soil-structure  combinations.  In  this  case  it  was  observed  that 
the  earth  pressure  distribution  around  the  relatively  stiff  arches  were  nonuniform  and  slightly 
asymmetric,  thus  causing  the  arch  to  undergo  appreciable  bending.  The  transient  earth  pres- 
sures exerted  on  structures  of  this  type  were  greater  at  some  pointc  than  the  ground-surface 
air  overpressure.  This  seems  to  be  due  to  a combination  of  reflected  and  passive  earth  pres- 
sures. 

The  earth-overpressure  distribution  around  a relatively  rigid  arch  structure  i3  nonuniform 
and  the  arcn  element  undergoes  appreciable  bending. 

The  horizontal  earth  pressure  resulting  from  ground-surface  air  overpressure  is  apparently 
greater  than  had  been  previously  anticipated. 

Displacement  of  the  3.1  structures  as  a whole,  as  well  as  the  relative  deflection  c-  he  crovm, 
is  directly  proportional  to  the  overpressure.  During  transient  loading,  a test  structure  buried 
in  the  Frenchman  Flat  soil  moved  at  approximately  the  same  rate  and  magnitude  as  the  free- 
field  surrounding  soil. 

The  end  wails  affect  arch  action  for  a distance  of  about  1 2 times  the  arch  radius. 

Strain  gage  measirements  of  the  test  structure  at  the  56-psi  level  yielded  valuable  informa- 
tion for  determining  moments  and  thrusts  in  the  arch.  Plane  section®  before  loading  remained 
plane  during  loading.  The  vertical  reactions  at  the  springing  line  were  approximately  equal  to 
the  ground-surface  air  overpressure  times  the  vertical  projection  of  the  arch  structure.  The 
largest  moments  and  thrusts  occurred  near  the  springing  line,  and  this  would  be  the  prooablc 
location  of  any  failure. 

The  simple  entranceway  used  for  the  structures  sealed  out  the  air  pressure.  It  was  not  de- 
signed to  attenuate  radiation  and  thus  aid  not  provide  adequate  radiation  protection  for  personnel. 

At  high-pressure  levels  (greater  than  100  ps*>,  lloor  slabs  that  are  monolithic  with  the  arch 
receive  relatively  high  magnitude  loads  and  accelerations,  which  may  make  It  necessary  to  use 
shock- mounted  flooring  m order  to  reduce  possible  adverse  phys.ologicai  effects. 

5.2  RECOMMENDATIONS 

It  is  recommended  that  the  use  of  footings  be  investigated  for  arch-type  structures.  The  floor 
slab  of  the  Structure  could  be  mare  much  thinner  .end  poured  separately,  then  joined  to  the  looting 
with  some  tyne  of  flexible  water  seal.  This  method  of  connection  would  most  likely  reduce  the 
induced  acceleration  to  the  floor  stab  caused  oy  the  air-tnduced  grornd  shock.  The  design  meth- 
od as  shown  in  Reference  5 may  cortlnue  to  be  used  until  refinements  to  the  procedure  are  de- 
termined or  a new  procedure  is  presented.  The  significant  bending  measured  In  Structure  3.1.n 
points  out  that  the  procedure  which  is  based  on  compression  solely  from  the  dynamic  lead  may 
not  be  as  conservative  as  believed  previously.  The  entranceway  should  be  modified  for  ac  lal 
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use  to  reduce  the  radiation  admitted  to  the  interior  of  the  structure.  This  could  be  accomplished 
in  several  ways,  depending  on  the  intended  use  of  the  structure:  one  method  would  be  to  use  the 
existing  entranceway  but  add  baffle  walls  within  the  structure,  another  would  be  to  utilize  an 
entranceway  separated  from  the  structure  by  at  least  one  90-degree,  horizontal  turn. 

The  3.1-iype  structures  should  oe  exposed  to  much  higuer  overpressures  during  future  tests. 
Deflection  measurements  to  determine  outward  movement  of  the  springing  line  should  be  made, 

In  addition  to  determinations  of  the  excursions  of  points  located  at  30,  45,  60,  and  90  degrees 
on  the  arch  intrados.  The  apparent  success  of  using  strain  gages  In  determining  reactions 
shows  the  usefulness  of  this  type  of  gage  for  use  In  future  tests. 

The  results  of  tiie  s.mple  model  tested  In  the  laboratory  pomts  up  the  possibility  of  tills  type 
test  in  determining:  fauure  modes,  deflecticn  patterns,  the  effect  of  various  soil  types  on  the 
ultimate  load-carrying  capacity  of  structural  elements,  and  the  verification  of  design  methods. 

It  is  recommended  that  a model  testing  program  be  initiated  and  also  that  full-scale  tests  be 
conducted  to  verify  the  predicted  values  obtained  In  the  model  tests.  Since  the  cost  of  building 
and  testing  models  is  small  compared  to  the  cost  of  prototype  structures,  a >arge  number  of 
model  tests  could  be  performed  so  that  statistical  results  for  a wide  variety  of  test  conditions 
can  be  obtained. 
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Appendix  A' 

IDEALIZED  LOADING  CRITERIA 


Further  analyt.eal  development  and  tests  resulting 
in  structural  failures  will  he  required  to  verify  the 
adequacy  of  any  method  of  eafeulating  the  overpressure 
required  to  cause  collapse  of  a buried  ar-h.  In  the  in- 
terim, any  recommendations  for  loadir^  i uteri  i must 
be  considered  to  be  tentative. 

Further  analytical  development  and  tests  resulting  in 
structural  failures  will  be  required  to  verify  the  ade- 
quacv  of  any  method  ot  calculating  the  overpressure 
required  to  cause  collapse  of  a buried  arch.  In  the  in- 
terim. any  recommendations  for  loading  criteria  must 
be  considered  to  be  tentative. 

A.l  DISCUSSION 

It  is  possible  to  develop  analyses  accounting  for  'he 
contribution  of  passive  son  pressure  to  the  resistance 
of  the  arch  which  are  rigorous  to  the  extent  of  provid- 
ing a soil  reaction  in  the  region  of  outward  movement 
which  is  proportional  to  the  radial  deflection.  Refer- 
ence 6 presented  a leas  sophisticated  attempt  to  account 
for  this  passive  soil  pressure  by  use  ot  an  inward  act- 
in,  soil  leading  at  tne  haunches.  A correlation  ot  either 
method  with  test  results  to  provide  worthwhile  loading 
criteria  does  not  appear  to  be  practical  at  this  time. 

Serious  consideration  was  also  giver,  to  the  possi- 
bility of  using  a simple  variable  to  expiess  the  influ- 
ence of  arch  flexibility  and  soil  properties.  This  ap- 
proach was  found  to  be  impractical  in  the  present 
state  of  the  art.  due  to  the  impossioility  of  assigning 
a definite  numerical  value  to  this  variable. 

Methods  which  fail  to  account  for  arch  flexibility 
and  soil  properties  may  not  result  in  optimum  design 
of  arenes  with  Ia-ge  rise  to  spun  ratios.  However, 
until  the  va.iabies  involved  , an  be  property  isolated 
these  methods  seem  to  be  necessary,  and  are  probably 
adequate  provided  that  (1)  sulficient  ductility  is  pro- 
v ided  in  the  arch  to  permit  large  deflection*  without 
lolupse,  and  i J>  suitable  hucktiii  nr-pcrly  compacted, 
is  used.  For  arenes  vitn  high  rise  to  mv  . ratios  re- 
luiremer.,  ui  s'  ms  more  impor'-mt  than  providing  a 
aigh  inonu  nt  capacity. 

The  cunco'  , .nodal  loadings  (lUdcrcnces  16  and 


! Using  'he  data  Iron  Apptndix  B.  the  tirm  ol  Holmes 
and  Narver.  Inc.,  performed  i pos'.shot  analv  sis  (or 
'A  (Reference  15).  The  most  signil.cant  results 
were  the  idealized  leading  < tiltria  contained  in  Chap- 
ter 5.  which  has  been  icproduced  here  as  Appendix  A. 


1?)  is  a reasonable  way  of  providing  the  necessary  re- 
sistance against  several  possible  types  of  failure. 

Some  of  these  modes  may  not  be  critical  fc"  a given 
aron  shape  or  span,  but.  nevertheless,  should  be  in- 
cluded to  avoid  overlooking  a critical  condition  in 
other  cases. 

To  ne  acceptable,  any  criteria  presented  should  in- 
clude one  or  more  loadings  producing  bending  in  the 
arch  in  order  to  provide  a minimum  flexural  strength 
which  might  otherwise  be  lacking.  The  difficulty  lies 
In  determining  just  what  this  minimum  should  be. 

There  appears  to  be  no  alternative  to  basing  this  esti 
mate  on  a guess  as  to  the  collapsing  overpressure  for 
these  arches. 

Three  loadings,  designated  A,  B.  and  C.  are  pre- 
sented (Figure  A.lj.  the  first  being  identical  with  Load- 
ing (la1  ) of  Reference  16.  Loading  3 alters  Loading 
(lb1 ) of  Reference  16.  reducing  its  severity  by  limit- 
ing the  amount  of  thrust  to  be  considered  In  combina- 
tion with  the  bending  moment.  This  gives  a result 
more  nearly  in  accord  with  the  conclusion,  based  on 
the  permanent  t.eforinaticn  pattern  of  Structure  3.1.C, 
that  iaiiure  will  not  occur  in  an  amisymmetrical  mode. 
Loading  C is  a variation  ol  loading  (1C  ) of  Reference 
16,  modified  to  predict  the  anticipated  collapsing  over- 
pressure for  this  arch.  Provisions  are  included  for 
considering  the  transient  na.ure  of  Loadings  B and  C. 

In  the  case  of  semicircular  arches  the  bending  mo- 
ment from  Loading  C is  very  much  less  than  that  which 
would  be  obtained  with  the  same  peak  overpressure 
uniformly  distributed  over  the  horizontal  projection  of 
the  arch.  Most  of  this  reduction  is  attributable  to  the 
buttressing  action  ol  the  soil  around  the  haunenes.  In 
the  case  of  flatter  arches  this  action  may  not  be  devel- 
oped to  the  degree  attained  in  a semicircular  arch.  Or. 
the  other  hand,  as  the  rise  io  span  ratio  decreases,  the 
bending  moment  f.om  leading  C begins  to  approach  and 
finally  exceeds,  that  w!  ich  would  be  obtained  with  the 
peak  ovcrpresauie  uniformly  distributed  over  the  hor- 
izontal projection,  so  that  the  influence  of  buttress 
action  becomes  relatively  lass  important  with  decreas- 
ing rise  to  span  ratios.  This  creates  an  uncertain 
situation  that  w^uld  require  further  study,  and  probably 
tests,  for  clarification.  Because  of  this,  applicability 
of  the  criteria  given  here  to  arches  having  rise  to  span 
ratios  cf  less  than  about  may  be  questionable. 

In  establishing  the  resistance  of  the  arch  for  blast 
loading  conditions  ultimate  strength  methods  should  be 
used  which  account  for  redistribution  of  moment  due  to 
formation  of  yield  hinges,  increased  yield  stresses 
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appropriate  to  dynamic  loading  should  also  be  used, 
if  we  proportions  of  the  structure  indicate  appreciable 
shell  action,  this  should  be  accounted  for  in  the  design, 
,'od  the  structure  should  be  reinforced  aa  required  to 
carry  shell  stresses  in  addition  to  those  resulting  from 
arcn  action. 

It  should  be  emphasized  that  In  practice  this  loading 
criteria,  or  any  other  aimed  at  predicting  the  collaps- 
ing overpressure,  may  not  control  the  design.  De- 
pending on  the  occupancy  or  function,  the  structure 
may  become  unserviceable  at  an  overpressure  much 
less  than  that  corresponding  to  total  collapse. 


A. 2 RECOMMENDED  LOADS 

The  following  three  load  conditions  are  recom- 
mended for  design  of  completely  ouned  reinforced 
concrete  arches. 

Loading  A (Compression  Mode):  Astatic 
uniform  radial  load  acting  inward  with  an  intensity 
equal  to  the  peak  overpressure  at  .he  ground  surface 
(Figure  A. la). 

Because  the  period  of  vibration  of  the  arch  in  this 
type  of  loading  is  relatively  short  compared  to  the  rtae 
time  of  the  overpressure,  the  overpressure  should  be 
regarded  as  a steady  state  load  rather  than  a transient 
load.  Toe  factor  of  safety  against  buckling  should  not 
be  less  than  1.0  and  the  axial  thrust  should  not  exceed 
the  yield  capacity  of  the  arch  section. 

Loading  B (Deflection  Mode):  A com- 
bined loading  (Figure  Alb)  consisting  of  parts  B1  snd 
B2  as  follows: 

1.  A uniform  rad'al  load  acting  inward  on  the  s.Je 
adjacent  lo  the  blaa.,  acting  simultaneously  with  a 
uniform  radial  load  of  the  same  intensity  acting  out- 
ward on  the  far  side.  The  Intensity  of  the  load  should 
be  equal  to  50  percent  of  the  peak  overpressure  act- 
ing at  the  ground  surface. 

2.  In  combination  with  load  Bl,  a uniform  radial 
load  acting  inward  over  the  entire  periphery  with  an 
Intensity  equal  to  50  percent  of  the  peak  overpressuro 
acting  at  the  ground  surface. 

With  negligible  error,  the  load  Bl  can  be  assumed 
to  decay  linearly  from  the  initial  peak  value  to  zero 
In  the  Ume  required  for  the  shock  wave  to  travel 
across  the  structure,  and  the  load  B2  can  be  consid- 
ered a*  a steady  state  load. 

The  required  resistance  should  be  computed  by 
considering  loading  Bl  at  a dynamic  rather  than  a 
static  load.  For  analysis  purposes  the  period  of  vi- 
bration of  the  arch  for  this  losdlng  condition  can  be 
calculated  aa  that  of  a beam  with  a length  equal  to  tbs 
developed  length  of  the  arch  from  aprtnglng  line  to 
crown.  Consider  the  beam  to  be  hinged  at  the  end 


corresponding  to  the  crown  of  the  arch  and  to  have 
the  same  support  condition  at  the  ether  end  as  that 
existing  at  the  base  of  the  arch.  The  period  of  vi- 
bration should  allow  for  the  weight  of  earth  cover 
over  the  arch  between  crown  and  springing  line,  and 
for  the  effect  of  axial  inruat. 

When  the  relative  amounts  ot  thrust  and  moment 
place  the  arch  section  in  the  compression  regime, 
the  gross  concrete  section  should  be  used  In  com- 
puting the  period  of  vibration. 

Due  to  the  short  duration  of  this  toad  condition, 
buckling  may  be  Ignored. 

Loading  C ( C o m p re  a slon - bending 
Mode):  A combined  leading  (Figure  A.lc)  consist- 
ing of  parts  Cl  and  C2  as  follows: 

1.  A uniform  radial  load  acting  inward,  and  over 
the  central  one  third  of  the  length  of  the  arch  axis, 
with  a uniform  radial  load  acting  outward  on  the  outer 
thirds.  The  intensity.  P^.  of  the  load  on  the  central 
one  third  of  the  arc  should  be  varied  as  a function  of 
the  length,  s,  of  the  arch  axis,  and  the  span,  L,  ac- 
cording to  the  formula: 


2.  In  combination  with  load  Cl.  a uniform  radial 
load  acting  Inward  over  the  entire  periphery  with  an 
lntenalty  equal  to  the  peak  overpressure  at  the  ground 
aurface. 

The  load  Cl  should  be  considered  to  have  the  same 
variation  with  ume  aa  that  of  the  overpressure  on  the 
ground  surface.  In  lieu  of  this,  an  equivalent  linear 
approximaUon  of  the  varlaUon  with  time  may  be  used. 
The  load  C2  can  be  considered  aa  a steady  state  load. 

The  required  resistance  Bbouid  be  computed  by 
considering  loading  Cl  as  a dynamic  rather  than  a 
static  load. 

The  period  of  vlbrsUon  for  this  Ioadi*xr  condlUon 
should  be  computed  as  ihst  of  s simply  supported 
beam  with  a span  equal  to  ore  third  of  'be  total  length 
of  the  arch  axis,  and  should  allow  for  the  weight  of 
eartn  over  this  portion  of  the  arch,  tod  for  the  effect 
of  axial  thrust. 

Only  the  central  portion  of  the  arch  should  be  In- 
vestigated. assuming  simple  support  at  the  points  of 
load  reversal.  The  effect  of  thrust  from  losd  C2  on 
moment  capacity  and  buckling  of  the  arch  should  be 
considered. 

If  the  relative  amounts  of  thrust  and  moment  place 
ths  arch  section  In  the  compression  regime  the  gross 
conorate  section  should  be  used  In  computing  the  pe- 
riod of  vibration  and  the  critical  buckling  load. 

Toe  resistance  of  the  outer  ‘hirds  at  '.be  arch 
should  not  be  lets  than  that  provided  In  the  central 
portion. 

Application  of  this  loading  criteria,  neglecting 
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(1)  using  a low  vaiue  for  too  estimated  effective  dura- 
tion of  we  overpressure,  (2)  using  the  gross  concrete 
section  in  calculating  moment  capacity,  neglecting  the 
steel,  and  (3).  neglecting  Duckling  Neglecting  buck- 
l.ng  may  oe  realistic  for  a short  span  semicircular 
.iron,  „ul  u is  Deueved  Wfll  buckling  should  be  con- 
sidered for  longer  spans. 

The  lower  iimit  for  Loading  C is  churned  by,  (1) 
using  a higher  estimated  value  for  the  effective  dura- 
tion of  the  overpressure,  (2)  us.ng  the  cracked  section 
in  calculating  moment  capacity,  and  (3)  considetmg 
buckling. 

Loading  C predicts  a substantial  decrease  in  col- 
lapsing overpressure  under  u long  duration  pulse. 


! 


sneil  action,  gives  the  following  results  for  these 
arcbesi 

Aoproximate 

Loading  Collapsing  Overpressure  Ipsi) 

A ltd 

d j2o 

C Jtu  to  370 

(The  aoove  collapsing  overpressures  for  the  3.1  arch 
structures  are  based  on  a concrete  strength  of  4,800 
psi  and  a dynamic  increase  lactor  of  33  percent.  The 
stresses  due  to  dead  load  are  niglected. ) 

Loading  r gives  the  critical  condition  for  these 
arches,  and  probably  would  wontrol  in  nearly  all  other 
cases.  The  upper  limit  for  Loading  C is  obtained  by. 
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Appendix  B‘ 

INSTRUMENTATION  of  STRUCTURES  31a, b,  and c 


3.1  QUANTITY  AND  LOCATION 

Two  general  types  of  gages  were  used,  electronic 
recording  and  rtiecr.amcal  seif- recording.  A total  of 
16  electronic  earth-pressure  gages.  6 electronic  ac- 
celerometers. J electronic  defection  gages.  6 self- 
recording  pressure  gages  and  9 self-recording  de- 
flection gages  were  empmjeu.  Table  3.1  lists  the 
ranges  and  positions  of  these  gages,  figure  2.11 
shows  the  actual  locations  oi  gages  on  the  structures. 

B.2  GAGES 

3.2.1  Accelerometers.  Acceleration  measure- 
ments were  made  'with  Wiancko  Type  3 AAT  acceler- 
ometers (see  F -Tare  3.1).  The  sensing  element  con- 
sisted of  an  armature  bonded  at  its  center  to  the  vertex 
of  a V-shaped  spring  member  and  held  in  close  prox- 
imity to  an  E-ccil  (see  Figure  3.2).  The  E-coil  was 
composed  of  two  windings  wound  on  the  extreme  legs 
of  an  E-shaped  magnetic  core.  As  the  armature  ro- 
uted. it  decreased  the  reiucunce  of  the  magnetic  path 
denned  by  the  armature,  the  center  leg,  and  one  ex- 
treme leg  of  the  E and  increased  the  reluctance  of  the 
other,  similar  path.  A weight,  the  size  of  which  de- 
penoed  upon  the  range  of  the  accelerometer,  was  at- 
tached to  one  end  of  the  armature  so  that  an  accelera- 
tion in  a direction  normal  to  the  armature  caused  It 
to  route  about  the  vertex  of  the  spring.  With  the 
windings  of  the  E-coil  connected  into  a full -impedance 
bridge,  an  unbalance  voluge  roughly  proportional  to 
tne  applied  acceleration  could  be  obtained. 

The  accelerometer  was  also  sensitive  to  routlonal 
accelerations  — it  couid  not  be  used  where  these  were 
oresent.  The  stiffness  of  the  spring  was  such  that 
linear  accelerations  were  measured  only  In  the  de- 
sired direction.  The  accelerometers  were  oriented 
in  the  vertical  direction  for  these  structures. 

The  natural  frequency  of  a 5 g accelerometer  was 
approximately  70  cps,  uf  a 100  g accelerometer,  ap- 
proximately 450  cps.  The  giges  were  damped  to  0.70 
of  critical  al  a temperature  of  90  F. 

The  accelerometers  were  mounted  on  the  floors 
spaced  (rom  the  concrete  by  a -inch-thick  lead  wash- 
er to  dampen  out  unwanted  nigh- frequency  components. 
Three  properly  spaced  threaded  studs  were  fixed  into 
the  concrete.  The  gage  was  positioned  so  that  Ihrea 

'By  H.S.  Burden.  Project  3.7,  Ballistic  Research 
Laboratories,  Aberdeen  Proving  Ground,  Maryland. 


holes  drilled  in  a flange  around  one  end  of  the  gage 
case  were  fitted  over  the  studs.  Thus,  the  gage  was 
mounted  with  its  sensitive  axis  (the  axis  of  the  cylin- 
drical case)  lying  parallel  to  the  direction  of  the  ac- 
celeration that  waa  being  measured. 

B.2.2  Soil  Pressure  Gages.  The  earth-pressure 
measurements  were  made  with  a Wiancko  Type  3-PE 
footing  stress  gage  (see  Figures  3.3  and  B.4).  The 
tensing  mechanism  was  formed  by  two  inflexible  cir- 
cular plates  separated  by  a spring  seal  around  their 
edge*.  One  of  the  plates  was  bored  concentrically  and 
the  hole  was  covered  by  a flexible  diaphragm  flush 
with  the  outside  surface  of  the  plate.  Thus,  two  ad- 
joining chambers  were  created:  one  formed  by  the 
volume  between  the  two  circular  plates  and  a smaller 
one  formed  by  the  volume  of  the  drilled  hole.  The 
chambers  were  filled  with  fluid  so  that  wheu  pressure 
was  applied  squeezing  the  two  plates  together,  the 
flexible  diaphragm  was  bulged  outward.  This  motion 
was  coupled  to  an  armature  (see  <rlgure  B.4)  and 
caused  It  to  rotate  near  an  E-cotl  of  the  type  described 
in  Paragraph  B-2. 1.  The  bored  plate  was  the  base  for 
the  gage  and  was  placed  against  the  footing.  As  pres- 
sure was  applied,  the  motloos  of  the  solid  plate  sod  the 
the  flexible  diaphragm  were  in  the  same  direction,  but 
the  amplitudes  of  their  motions  were  in  Inverse  pro- 
portion to  their  respective  areas. 

Two  methods  of  mounting  the  earth-pressure  gagas 
were  employed.  In  each,  provision  was  made  tor  al- 
lowing a solid,  flat  surface  for  support  of  the  gage  base 
plate  and  an  even  distribution  of  pressure  over  the 
sensitive  plate.  Where  measurements  underneath  a 
structure  were  to  be  rasde,  a square  bole  was  left  in 
the  concrete  floor  slab  so  that  after  calibration  the 
gage  could  be  lowered  into  the  hole  with  Its  senst'lvo 
face  directly  flush  against  the  ground.  Reinforcing 
bars  were  welded  to  existing  bars  in  the  walls  of  the 
boles;  thus,  when  concrete  was  poured  into  the  bole, 
the  gage  was  cast  Into  a block  which  was  essentially 
a part  of  the  structure.  The  ground  under  the  sensi- 
tive plate  was  prepared  to  allow  eveo  distribution  of 
pressure,  the  concrete  incased  the  base  plate  firmly. 

Where  measurements  v/eje  made  on  the  sides  or 
the  top  oi  the  structures,  s bole  the  size  of  the  hous- 
ing of  the  gage-sensing  mechanism  was  cast  in  tbs 
wall  of  the  structure.  T!  s gage  was  then  set  against 
the  structure,  with  the  sensing-mechanism  housing 
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fitting  Into  the  hale  and  the  base  plate  resting  squarely 

the  structure  surlai  e.  A length  of  pipe,  threaded 
over  the  gage  cable.  was  screwed  into  the  sensing- 
mccnanism  nousing  so  that  it  extended  'hrocgh  to  the 
.ns.Je  me  structure.  0”cr  this  ,.iee.  ll.e 
were  piaceo  in  sequence:  a v Usher  having  uia.T.ct.r 
greater  lean  that  of  the  bote  in  the  wall,  a helical 
spring,  and  a nut  whtch  screwed  onto  the  end  f 
pipe  to  compress  the  spring.  The  force  pr-tcuco  ui 
the  compressed  spring  hel  l the  gage  firmly  against 
the  outside  surface  of  the  wall.  A fairing  of  Calseal 
grout  (a  plaster-of-Paris-type  material)  was  applied 
around  the  gage  to  smooth  the  contours  »I  the  installa- 
tion (see  figure  fl.10).  Duung  the  backfill  operation, 
a square  box  was  placed  over  the  gages  and  ra  moved 
when  the  level  of  the  backfill  was  above  the  gage, 
dai.klill  soil  was  placed  into  the  resulting  void  in  2- 
mcn  lifts  and  carefully  hand-tamped  until  the  void  was 
oomp.eteiy  filled. 

An  additional  gage.  EIO.I  m Structure  J.l.b.  was 
installed  on  the  top  of  the  structure  usi.'g  a mourning 
method  sir., ..or  to  that  used  for  the  other  gugos  on  the 
tops  of  the  structures,  except  that  the  grout  fairing 
was  omitted.  This  gage  was  placed  adjacent  to  gage 
E10  of  the  same  structure.  A comparison  of  the  re- 
cords may  be  found  in  Figure  B.12. 


allowed  the  spring  to  be  wound  to  and  held  at  a high 
value  of  torque  prior  to  installation  of  me  wire,  re- 
leasing the  ratchet  applied  tension  to  the  ‘..re. 

Modu.ation  ol  the  v(  .iage  appl.,u  to  the  gage  was 
mtair.ed  by  Uo  n.elhods. 

Tf"  ' .■  * rr>  . lor  gages  with  a range  greater 
f ■ 's  j continuous- rotation  wire-wound  po- 

,.ii:ometc-r  connected  to  the  pulley  shaft.  The  housing 
ol  this  potentiometer,  lather  than  being  permanently 
fixed  to  the  gage  casing,  could  be  rotaied  by  a knob 
with  a calibrated  scale.  By  rotating  this  Knob  in  a di- 
rection opposite  to  the  expected  rotation  of  the 
deflection-gage  puhey,  the  pulle  'otat.on  could  be 
exactly  simulated,  and  by  means  cf  the  calibrated 
scale,  the  magnitude  of  the  corresponding  dt  flection 
determined.  This  procedure  was  (lowed  in  calibrat- 
ing the  recording  channels  used  w.  -his  gage  (see 
Section  B.4),  the  potentiometer  w.  ■ n lockeo  in 
pi  'n  e 

The  second  mechod,  for  gages  with  u range  of  0 to 
1 inch,  used  a linearly  var.abie  differential  trans- 
former 33  a variabie-impt-dame  element.  The  hollow, 
cylindrical  at  mature  of  this  transformer  was  threaded 
over  the  gage  wire  and  clamped  in  place,  the  solenoid 
winding  of  the  transformer,  inside  which  the  armature 
moved  axially,  was  held  by  s rigid  frame.  This  the 


TABLE  B.l  GAGE  R/iNGES  AND  POSTONS 


Structure 

Gage  Type 

No.  of  Gages 

Range* 

3 1 a 

Acc».i<.f  c*neter 

2 

25  g.  10  g 

Earth  Pressure 

1 

25  psl 

Deflection 

3 

0-1  In. 

Self-recording  Pressure 

2 

50  psl.  25  psl 

J.l.b 

Accelerometer 

2 

50  g,  25  g 

Earth  Pressure 

8 

100  psl 

Deflection 

3 

1-6  In. 

Self-recording  Deflection 

4 

1-6  la. 

Self-recording  Pre**ure 

2 

100  psl,  25  psl 

3 l.c 

Accelerometer 

2 

100  g,  50  g 

Earth  Pressure 

7 

200  psl 

Deflection 

3 

1-A  in- 

Self-recording  Deflection 

4 

l-<5  in 

Self-recording  Pressure 

2 

200  psl,  100  psl 

B.2.3  Electronic  Deflection  Gages.  The  deflection 
gages  were  mounted  on  me  inside  surface  of  the  atruc- 
tures.  rfeferenced  to  a point  on  the  floor  by  means  of 
hardened  steel  wires,  the  gages  measured  the  relative 
Itsplacemenu  between  the  points  of  attachment. 

Th  wire  was  wrapped  around  a pulley  mounted  on 
a shaft  supported  by  journals  in  each  end  of  the  gage 
case  (see  Figure  fl.t).  A heavy  coil  spring  inside  the 
case  applied  torsion  to  the  pulley  shaft  so  that  the  wire 
was  held  in  tension  and  would  wind  on  or  off  the  pulley 
as  the  surfaces  moved.  A ratchet  on  the  pulley  shaft 


gage  sensed  directly  the  linear  motion  of  the  displace- 
m *nt,  and  the  pulky  arrangement  served  only  to  pro- 
duce tension  in  the  wire. 

The  coil  was  not  permanently  fixed  to  Its  support, 
but  to  simulate  a motion  of  the  armature  the  coll  could 
be  moved  with  respect  to  the  stationary  armature  by  a 
calibrated  vernier  provided  for  that  purpose.  This  de- 
vice was  u >ed  .n  calibration  (see  .Section  B.4. 3),  after 
calibration.  Lie  coll  was  locked  Into  position. 

The  tension  in  the  steel  wire  was  about  60  pounds, 
and  the  gage  was  able  to  follow  s deflection  rate  of  25 
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ft/scc.  The  gages  Were  mounted  on  embedded  p!ate6 
ar.c.hu red  to  the  inside  surlaces  of  tne  structure. 

3.2  4 Self-Recording  Deflection  Gages.  The!1? 
u?l'il  a ■>(/!  Ji*»S  Aire 

4 'll.  t<  '.'at  J * tC  ttle  .*a!j  - Ti : c «c>  I>  >R 

gages  ‘figure  3.5).  The  puler.liorr-  , .0  the  e.ec- 
treme  giges  was,  however.  _e»-d  by  a machined 
acrew  which  converted  the  .ry  mot.  ,n  of  the  dellc-c- 
r.ui.ey  to  ..a.f  I. near  motion  of  a stylus. 
Tne  . - ' -at  t record  ol  Ha  excursions  on  an 

aluminized  i os  uia.t  which  was  r dated  oy  3 precisely 
govern.  battery-opeiatcd  motor  (figure  8-6).  pro- 
ducing a record  of  Collection  xerses  tune.  The  maxi- 


sures  are  transmitted  to  ’he  inside  of  the  element. 
w.\.;u  the  outaide  is  held  at  the  constant  pressure 
sealed  inside  the  gage  casing.  This  causes  the  ele- 
ment to  bulge  ana  move  the  stylus  out  from  the  element 
nr.  uni  a distune.  Jependi  nt  on  the  pressure. 

A.thuut  the  concentric  corrugations,  elements  of 
this  type  display  severe  non.mearity  of  deflection  ver- 
sus pressure.  In  a corrugated  element,  however,  each 
of  tne  sections  bounded  by  one  of  the  corrugations  is 
sensitive  to  essentially  one  small  range  of  pressures 
and  responds  linearly  over  that  range.  Over  the  total 
range  of  the  element  wn.ch  is  the  sum  of  the  ranges 
of  all  the  sections,  the  response  is  therefore  prac- 
tically linear.  The  actual  value  of  linearity  is  i 0.5 


figure  8.1  Wiancko  accelerometer 


figure  B 2 Schematic  drawing  of  accelerometer 
sensing  mechanism. 


mum  amplitude  was  proportional  to  the  screw  pitch 
and  inversely  proportional  to  pulley  diameter. 

Response  characteristics  and  mounting  of  these 
gages  were  identical  to  those  for  the  electronic  de- 
flection gages.  Initiation  of  the  disk- motor  operation 
was  by  means  of  Edgerlon,  Gerim-shausen  and  Grier 
(EGCG)  timing  signals  reci  ivcd  3 seconds  before  det- 
,nuti..n  time. 

8.2.3  Self-Recording  Pressure  Gages.  The  prin- 
cipal element  ot  this  g ige  is  a pi  ensure  < ipsule  which 
expands  as  pressure  is  ipp’ied  to  its  interior.  \ rec- 
>rd  < f tne  expansions  is  scratched  .n  in  aiuminizcd 
disk  as  it  .3  rotated  by  m iccur  iteiv  governed  motor. 

This  capsule  is,  basically,  i < lumber  formed  by 
wepting  together  at  their  edges  two  diaphragms,  each 
if  winch  is  ,mpre«sed  with  i series  'if  loncentric  cor- 
rugations. Pressure  is  n ansmitted  to  the  inside  ot 
the  element  through  an  inlet  port  which  passes  through 
a heavy  brass  mounting  t’ange.  In  operation,  the  ele- 
ment is  mounted  on  the  inside  of  the  gage  baffle  plate 
with  the  inlet  port  of  the  element  lining  up  with  the 
pressure  hole  in  the  baffle  plate.  Thus  the  blast  pres- 


perccnt. 

8.3  METHODS  Of  RECORDING  DATA 

B.J.l  Electronic  Recorders.  Each  electronic  unit 
recorded  twenty  channels  of  information  oo  a magnetic 
tape  15  mm  wide,  for  each  channel,  a pbaae- 
rr.odu.aled  information  signal  and  a reference  -jgnal 
were  supplied.  Phase  modulation  was  obtained  by 
combining  the  3,750-cps  amplitude-modulated  output 
signal  from  the  gage  w.th  another  signal  of  3.750  cps 
but  <0  degrees  different  in  phase.  The  reference  sig- 
nal (7,000  cps)  was  mixed  with  the  information  signal, 
the  two  were  simultaneously  amplified  and  then  re- 
corded on  the  same  magnetic  track.  Thu*,  the  refer- 
ence signal  waa  sublecled  to  exactly  the  variation  In 
amplifications  or  tape  characteristics  experienced  by 
ihe  information  signal,  and  their  relative  phase  was 
maintained  unchanged. 

Also,  a sharp,  amplitude-modulated  dctonatlon- 
llme  marker  was  recorded  on  one  magnetic  track  act 
aside  for  this  purpose. 

The  playback  separated  the  reference  and  the  ln- 
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formation  signals,  ami  applied  them  to  a phase  dis- 
criminator which  pri»i„cd  an  output  voltage  propor- 
tional In  magnitude  to  the  tangent  of  the  measured 
vanaale.  Operuion  .s  normal, v in  the  .altar  portion 
of  the  curve  ol  q versos  the  Ui.gint  (*here  q is  the 
measured  variable;,  so  that  output  is  proportional  to 
the  measured  variable.  Also,  timing  pulses  were  de- 
rived irom  the  7,y00  cps  reterence  signal.  The  s.gnal, 
the  timing  pulses,  and  the  detonation-time  marker 
were  then  recorded  on  a photographic  paper  recorder 
to  produce  a final  record. 

9.3.2  Self-Recording  Mechanisms.  The  self- 
recording  displacement -gage  mechanism  Is  shown  in 
F.gure  3.6.  A metal  dIock  supports  the  governed 
motor  wmch  drives  the  turntable  through  a bevel  gear. 
A machined  screw,  mounted  In  ball  bearings,  moves 
the  stjlus  carrier  l.neany  along  a radius  from  the 
center  of  the  turntable.  Spring  loading  of  me  sty. us 
carrier  minimizes  backlash  as  it  moves  along  the 
carrier  guide  pins. 

In  these  gages,  a precisely  governed  battery- 
operated  motor  wtnch  routed  an  aluminized  glass 
disk  was  placed  in  operation  by  visible  or  thermal 
radiations  from  the  detonation.  A stylus  attached  to 
a compact  metal  bellows  element  traced  on  the  ro- 
tating disk  a record  of  the  dilations  of  the  bellows  as 
they  were  subject  to  the  pressures  of  the  blast  wave, 
giving  a time-dependent  record  of  the  blast  pressure. 

The  thermal  .ntialor  consulted  of  a heavy  spring- 
loaded  plunger  he.d  cocked  by  a thermal-line:  two 
brass  strips  soldered  together  with  iow-meiting-pomt 
solder  and  painted  black.  The  absorption  of  thermal 
radiation  caused  the  links  to  part  and  the  plunger  to 
close  a motor  starting  switch.  This  method  was  used 
In  conjunction  with  the  visible-radiation  Initiator. 

The  visible  radiation  initiator  used  a cadmium  sul- 
fide photocell,  a transistor  amplifier,  and  a high- 
speed electrically  latching  relay.  The  voltage  pro- 
duced In  the  photocell  by  a transient  light  pulse  was 
amplified  and  closed  the  relay.  For  these  gages  lo- 
cated Inside,  the  structures,  the  photocell  was  placed 
outside  and  connected  to  the  gage  by  a shielded  cable. 

Two  motor  speeds  were  used:  for  Stricture  3.1.C, 
IC-rpm  motors  were  installed  .n  the  gages,  for  the 
other  structures,  3-rpm  motors  were  employed.  Be- 
cause of  inertia  and  the  time  neeo.-d  for  establishment 
of  proper  phase  relationships  in  the  motor  speed  gov- 
ernor, the  motors  do  not  reach  a stable  speed  imme- 
duteiy.  The  3-rpm  motors  reach  tneir  rated  speed 
m 10  msec,  but  oscillate  about  that  value  for  >n  addl- 
•:onjl  300  msec,  the  10-rpm  motors  reach  their  speed 
gndually  and  witneut  instability  in  400  msec. 

9.4  CALIBRATION 

B 4.1  Acceleration.  The  accelerometers  were 
given  static  calibrations  oa  a spin-table  accelerator 
before  their  installation  (see  Figure  B.3).  The  spin 
table  was  a disk  which  was  r allied  at  a speed  deter- 


mined accurately  by  an  electronic  tacnometer.  The 
accelerometer  was  mounted  on  the  diak  with  its  sensi- 
tiv“  direction  "lrallel  to  the  radius  of  the  disk.  Con- 
nections Ui  the  recorder  cable  were  mane  through  slip 
rings  on  ’.he  soin-Uole  snail.  An  accurate  Knowledge 
ol  ihe  d.&lance  of  the  accelerometer  sensing  element 
from  the  center  of  the  disk  and  the  rotational  velocity 
of  the  disk  were  used  to  lind  the  radial  acceleration 
produced  in  the  sensing  element.  The  disk  velocity 
was  varied  to  produce  accelerations  20,  40,  60,  SO, 

100  and  160  percent  of  the  expected  maximum.  Spin 
-.able  acceleration  values  could  be  computed  with  an 
accuracy  of  2 percent. 

B.4.2  Earth  Pressure  Gages  These  gages  were 
generally  c-jibratcd  m pairs  or  grrups  of  four  before 
being  placed  in  their  mounts  (see  Figure  B.S).  Two 
gages  were  placed  with  their  eensilive  laces  separated 
by  a layer  of  biotlirg  paper.  An  aiuminum  ring, 
slotted  to  allow  exit  of  the  gage  cable,  was  placed 
against  each  base  plate  to  protect  the  protruding  sec- 
tion of  the  gage  containing  the  sensing  element  (see 
Section  B.2.2).  This  sandwich  was  then  placed,  with 
a Baldwin  SR-4  load  cell,  between  the  Jaws  of  a port- 
able hydraulic  presa.  The  force  applied  through  the 
aluminum  rings  to  >he  base  plate  was  measured  by  the 
load  cell  to  an  accuracy  of  better  than  one  percent. 

The  blotting  paper  allowed  an  even  distribution  of  load 
over  the  sensitive  faces  ot  the  gage  sandwich.  Where 
convenient,  a ;air  ol  such  sandwiches  could  be  im- 
pressed simultaneously.  After  calibration,  the  gages 
were  installed  and  the  cab.es  buried. 

B.4.3  Klectr-  me  Displacement  Gage.  Calibration 
of  these  gages  was  <l,nc  alter  ibeir  installation.  The 
calibration  of  the  large-displacement  model  was  per- 
formed by  rotating  the  housing  of  the  sensing  element 
potentiometer  (see  Section  B.2.3).  Calibration  for  a 
displacement  in  a given  cense  was  obtained  by  routing 
the  potentiometer  housing  in  a direction  opposite  to  the 
corresponding  roution  of  the  gage  pulley.  A full-scale 
rotation  from  the  center  position  o'  the  calibrated  knob 
attached  to  tbo  housing  corresponded  to  one  half  tjm 
in  the  opposite  direction  by  the  gage  pulley.  The  full 
range  ol  the  ca.ibraled  scale  was  • vided  into  appro 
priate  segments  to  allow  calibrations  of  20.  40.  60. 

30.  100.  120  140  and  160  percent  of  the  expected 
maximum  displacements.  Where  displacements  were 
sjiecified  greater  than  one  half  the  pulley  circumfer- 
ence. the  potentiometer  rotated  past  the  extreme  point 
nl  its  scale  inn  began  a second  ry^le.  The  steps  on 
the  calibration  record  for  this  situation  ascended  as 
the  displacement  became  larger  (in  the  positive  direc- 
tion) until  the  extreme  point  was  reached  and  then 
dropped  sharply  to  a position  lorrcijnnding  to  the 
maximum  negative  Jlsjdai  emenl.  From  this  joint 
they  continued  to  rise  until  the  maximum  displacement 
was  reached.  The  sloj*  of  the  shot  record  trace  could 
be  used  to  differentiate  between  negative  displace- 
ments and  those  v-hich  had  exceeded  the  first  positive 
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extreme  point.  Negative  displacements  were  handled 
similarly. 

The  small  - Jcfiet  u >n  gages  were  asi.brated  oy  using 
a :ial  micrometer  as  a stancard  to  measure  the  motion 
ot  the  coil  relative  to  its  support.  Alter  .oosenmg  the 
clamp  which  held  the  linearly  variaole  dillerential 
transformer  coil  in  place,  a slotted  block  which  held 
me  m'crometur  was  slipped  over  the  coil-support  bar 
(see  Figure  B,.)  and  locked  in  position.  The  coil  was 
mov-d  in  a direction  opposite  to  the  actual  deflection 
to  produce  calibration  steps.  Values,  both  positive 
and  negative,  of  20,  go,  60,  SO.  100.  120  and  140  per- 
cent of  the  expected  maximum  were  Used. 

B.4.4  Self-Recording  Displacement  Ga^es.  These 
gages  were  calibrated  bvlore  assemoiy  ov  installing 
a risk,  turning  the  recording  mechanism  shaft  through 
one  revolution,  and  measuring  the  height  of  the  step 
produced  on  the  disk,  ’with  tne  circumference  of  the 
pulley  known,  the  displacement  corresponding  to  this 
step  ne.ght  was  readily  deduced.  The  gage  was  linear, 
so  that  We  slope  of  ihe  curve  of  stylus  motion  versus 
displacement  obtained  In  this  manner  could  be  extended 
over  the  full  ranee  of  tne  gage. 

B.4.5  Self-Recording  Pressure  Gages.  Calibration 
of  the  pressure  capsuies  was  performed  by  the  manu- 
facturer. The  calibrations  were  plotted  using  a Leeds 
Northmp  X-Y  recorder.  The  output  of  a Statham 
strum-gage-type  pressure  transducer  was  fed  through 
amplifiers  to  the  pen  (X-axis)  of  the  recorder.  C-o- 
sule  deflection  was  measured  by  a micrometer  head 
equipped  with  a null  detector  and  servo  system  operat- 
ing a slide-wire  potentiometer  which.  In  turn,  con- 
trolled the  chart  drive  (Y-axls).  The  resulting  pre- 
sentation gave  a plot  of  capsule  deflection  aw  a function 
of  applied  pressure. 

The  disk  drive  motors  were  individually  tested  for 
start-up  time  and  speed,  these  characteristics  were 
recorded  for  each  motor. 

B.5  RESULTS 

B.S.l  Performance.  The  operation  of  the  gages 
and  recording  equipment  Is  summarized  In  Table  B.2. 
From  a recording  standpoint.  21  of  the  48  records  are 
considered  excellent.  The  majority  of  the  remaining 
records  are  beset  with  small  re-o  shifts  which  mane 


their  interpretation  slightly  more  difficult.  Three 
traces  appear  with  no  visib  e record,  and  although  the 
recording  equipment  gives  every  indication  of  having 
operated  properly,  tt  is  difficult  to  conceive  of  negli- 
gible pressure  existing  at  the  corresponding  gage  po- 
sitions. Calibration  steps  applied  immediately  before 
and  after  the  test  interval  show  proper  operation  of 
recording  equipment,  and  the  severe  zero  shift  nor- 
mally associated  with  faulty  cables  is  missing.  One 
record  was  lost  completely  apparently  because  of 
cable  failure  at  detonation  time. 

B-5.2  Data  Processing  ^nd  Interpretation.  The 
raw  data  was  transcribed  from  tne  oscillograph  traces 
into  digital  form  on  punched  cards  to  facilitate  process- 
ing. The  punened  cards  were  run  through  an  electronic 
digital  computer  especially  programmed  to  linearize 
the  lecords.  The  linearized  records  of  earth  pressure, 
deflection,  acceleration,  and  air  overpressure  were 
then  repiotted  in  final  form,  lor  Structures  3.1. a,  b, 
and  c and  are  shown  in  Figures  B.il,  B.12,  and  fa.13, 
respectively. 

The  Interpretation  of  records  having  zero  shifts  at 
blast-arrival  time  leads  to  some  difficulties,  In  that 
the  exact  course  of  the  zero  shift  is  often  obscure. 
Experiments  have  shown,  however,  that  when  such 
shifts  occur  the  calibration  curve  is  generally  not 
changed  except  that  the  zero  value  of  the  physical 
quantity  being  measured  is  s',  (ted  to  a new  position 
along  the  curve.  To  correctly  inle-pret  records  of 
tilt  type.  It  is  necessary  to  determine  from  the  cali- 
bration curve  the  site  of  the  physical  quantity  repre- 
sented by  the  zero  shift  and  algebraically  subtract  this 
value  from  every  physical  quantity  value  on  the  cali- 
bration curve,  and  then  to  measure  deflections  on  the 
shot  record  using  the  original  system  zero  determined 
from  the  calibration  record  and  relate  these  to  physical 
quantity  values  using  the  revised  calibration  curve. 

The  estimates  of  calibration  accuracy  given  In  the 
sections  on  calibration  cannot  be  applied  directly  to 
the  test  results  because  gages  and  equipment  subjected 
to  the  severity  of  a nuclear  detonation  may  not  function 
Just  aa  they  do  under  the  tranquil  conditions  of  a static 
calibration.  For  example,  pressure  gage*  may  be  af- 
fected by  accelerations,  and  without  elaborate  Instru- 
mentation, the  magnitude  and  effects  cf  the  acceleration 
cannot  be  known.  Consequently,  such  instrumentation 
measurements  made  during  rtucletr  tests  are  generally 
considered  accurate  to  no  better  than  10  or  15  percent. 
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TABLE  8.2  SUMMARY  OF  INSTRUMENTATION  KEfULTS 


Structure  Gage 

Comment 

3 I a \S 

Good  record 

AG 

Good  record 

D15 

Good  record,  large  zero  shift 

D16 

Good  record,  small  zero  sruft 

DI7 

Good  record,  small  neg.  zero  shift 

SIS 

Good  record 

PS 

Peak  pressure  only 

?•) 

Good  record 

3.1  b A3 

Go, xl  record,  zero  shift 

A4 

Good  record 

08 

Good  record 

DIO 

Good  record 

D14 

Cood  record  except  lor  regular  pulse 
placed  on  record  by  system 

£14 

Good  record;  negative  shift 

E12 

Good  record 

£13 

Good  record 

£3 

Good  record;  small  zero  shift 

£9 

Good  record 

£10 

Good  record 

Ell 

Good  record 

E1C.1 

Usable  record 

D9 

Questionable  record 

DU 

Question  ble  record 

D13 

Questionable  record 

D12 

Questionable  record 

P3 

Good  record 

P4 

Good  record 

3 l.C  A1 

Good  record 

A2 

Good  record 

D1 

Good  record 

D3 

Good  record 

D7 

Noisy  record,  apparently  good 

E7 

No  apparent  record 

E5 

Good  record,  small  zero  shift 

£6 

Dad  shift,  no  record 

El 

K2 

No  apparent  record,  small  neg. 
zero  shift 

No  apparent  record,  no  zero  shift 

£3 

Record  saturated,  pos  zero  shut 

£4 

Good  record 

D2 

Questionable  record 

1)4 

Questionable  record 

05 

Questionable  record 

Or, 

Quest'onabie  record 

PI 

GooJ  record 

P? 

Good  record 
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Figure  B.ll  TranJi  nt  records  of  earth  pressure,  deflection,  and  acceleration 
for  Structure  3-1. a. 


97 


CONFIDENTIAL 


127  Ml  AT  MSEC 


r%=  / 
zo ' w • “V 


400 

TiM€.  MSEC 


i f \*4  Ml  AT  24 2 US£C 


t«*C, 

400 


_ 500 


v.  y 

PSi  AT  ili  M1CC 


-S  .-ii  AT  31*  JttJCC 

A 

/ \ ■ 
\ ra 


NOTE  GACr  £ 14  *A3  L& CATfO  AT  TMC  CCNTCA  Of  T«C  CNO  WAU. 
4 FT  r«OM  Th;  ftOOA  AMO  Of  POSJTC  T*C  ENTRANCE 


j207  * u«  ^ 

3 u£— :/ 


300 

*0V 

500 

•00 

TOO 

•OO 

too 

T.MC.U3CC 

300 

400 

>00 

TOO 

•00 

too 

1000 

-0  W in  AT  Mice 
O 4 f.O 


TIMC.  USCC 
500  400 


V. 


-I  4T  IN  AT  3MUMC 


Figure  B.12  Continued. 

N 

CONFIDENTIAL 


ACCELERATION,  g ACCELERATION,  £ DEFLECTION,  IN 


ACCELERATION,  * ACCELERATION 


12  AND  19 


Figure  B.13  Continued. 


102 

CONFIDENTIAL 


Appendix  C 

INSTRUMENTATION  of  STRUCTURE  31n 


C.l  QUANTITY  AND  LOCATION 

The  electronic  instrumentation  of  Structure  3.1.n 
included  38  channels  of  transient  information  from 
the  following  gages  and  transducers:  16  electrical 
resistance  strain  gages,  11  soil-pressure  gages,  8 
deflection  gages,  2 air-pressure  gages,  and  1 accel- 
erometer. The  output  of  12  of  the  above  electrical 
resistance  strain  gages  was  also  recorded  at  larger 
attenuations  to  provide  a backup  in  case  the  strains 
were  so  large  ?s  to  exceed  the  range  of  the  primary 
recording.  Each  of  the  eight  electronic  deflection 
gages  was  backed  up  by  a self-recording  deflection- 
versus-time  gage.  An  additional  eight  self-recording 
deflectlon-versus-tlme  gages  were  used  to  provide  a 
more  complete  record  of  arch  deflections  than  could 
be  accomplished  with  the  limited  number  of  electronic 
channels  availanle. 

For  the  purpose  of  taking  static  readings,  an  addi- 
tional 9 electrical  resistance  strain  gages  were  In- 
stalled, and  39  mechanical  strain  gage  stations  were 
established. 

The  location  of  all  the  instrumentation  except  the 
mechanical  strain  gage  stations  is  shown  in  Figure 
2.12.  Note  that  each  gage  station  "D”  represent*  two 
gages.  The  location  of  the  mechanical  strain  gage 
(Whlttemore)  stations  Is  shown  in  Figure  3.11. 

C.2  GAGES 

C.2.1  Electrical  Resistance  Strain  Gages.  Stan- 
dard SR-4  electrical  resistance  strain  gages  were 
used  to  measure  the  strain  in  the  concrete  sad  in  the 
reinforcing  ateel.  These  gages  were  manufactured 
and  calibrated  by  the  Baldwln-Llma-Hamllton  Corpo- 
ration, Philadelphia,  Pennsylvania.  A 6-lnch-long 
Type  A-9  gage  was  selected  for  use  on  the  surface  of 
the  coocrete,  since  It  would  average  out  stress  con- 
centrations due  to  the  nonbomogenelty  of  the  concrete. 
Type  AB-3  and  A-12  gages  were  selected  for  uae  on 
the  reinforcing  bars. 

Approximately  one  month  after  the  concrete  bad 
been  cast,  the  surface  was  prepared  for  application 
of  the  gages.  The  gage  area  was  ground  smoc'.h  and 
a thin  layer  of  Epon  realn  cement  was  applied  io  the 
concrete  surface  and  properly  cured.  The  gages  were 
then  bonded  to  this  surface  with  the  came  cement. 

In  order  to  mount  the  strain  gages  on  the  rein- 
forcing bars,  it  was  necessary  to  remove  the  bar 
'^formations  in  the  gage  area.  After  cleaning  tbe 


surface,  the  gage*  were  bonded  to  the  bars  with  Epon 
resin  cement.  All  gages  were  completely  water- 
proofed. Figures  C.l  and  C.2  show  the  installation 
of  SR-4  strain  gages  on  the  extrados. 

In  order  to  protect  the  strain  gages  at  aero  time 
from  the  Induction  signal,  a spark  plug  was  placed 
between  the  shield  In  each  cable  and  the  local  ground. 
Tbe  gap  in  the  .*park  plug  was  set  at  0.003  inch  and 
would  break  down  at  approximately  800  volts  dc.  In 
this  manner,  a high  voltage  from  the  Induction  signal 
would  be  discharged  through  the  spark  gap  to  ground 
rather  than  flash  over  through  the  base  of  the  gage, 
with  accompanying  destruction  of  the  gage. 

The  calibration  of  each  strain-gage  channel  was 
determined  Immediately  prior  to  and  Immediately  after 
the  shot  by  connecting  a resistor  of  selected  magnitude 
In  parallel  with  one  arm  of  each  strain-gage  bridge. 

Tbe  electrical  unbalance  of  >he  bridge  was  recorded 
on  the  oscillograph. 

C.2. 2 Soll-Prevsure  Gages.  These  gages  were 
purchased  from  the  Wlancko  Engineering  Company, 
Pasadena,  California.  They  utilize  the  Carlson  platter 
In  conjunction  with  the  Wiancko  variable  reluctance 
transducer  and  were  designated  as  a Type  P2303  pres- 
sure pickup.  The  completed  gage  had  a l Vi-inch 
diameter  and  weighed  11  % pounds.  The  gages  were 
calibrated  in  the  laboratory  by  applying  static  loads 
in  a universal  testing  machine.  The  actual  cables  used 
In  the  field  operation  were  used  in  the  static  calibra- 
tion. The  calibration  of  the  gagee  was  linear  within 
2 percent  over  the  range  of  0 to  100  psi  and  could  with- 
stand a 100 -percent  overload. 

The  soil-pressure  gages  were  installed  to  measure 
the  vertical  and  horizontal  components  of  earth  pres- 
sure. At  the  crown  and  springing  lines  of  the  arch, 
the  gages  were  mounted  on  washer-shaped  steel  pistes 
that  were  embedded  ir  the  concrete.  At  the  30-  and 
60-degree  sections  of  tbs  arch,  the  gagea  were  mounted 
in  precast  Hydroetone  blocks  which  were  bolted  to  the 
arch.  Tbe  top  surface  of  each  gage  was  mounted  flush 
with  tbe  surface  of  the  concrete  or  the  Hydrostone 
block.  Kach  gage  waa  grouted  In  place  with  Hydrostone 
to  assure  Intimate  contact  between  gage  and  structure. 
Figure*  C.l  ted  C.2  illustrate  the  earth-preseurs  gages 
in  place. 

During  the  backfilling  of  8tn*ctur*  3.1.n,  the  toil 
contiguous  to  each  earth  pressure  gags  was  carefully 
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hand-tamped.  For  the  vertically  mounted  gages,  the 
soli  was  hand-tamped  In  l-  to  2-inch  layers  for  a dis- 
tance of  approximately  4 inches  from  the  face  of  the 
gage.  For  the  horizontally  mounted  gages,  the  soil 
was  hand-tamoed  to  a depth  of  approximately  6 inches 
over  the  gages.  The  pneumatic  tampers  used  in  com- 
pacting the  backfill  material  were  carefully  controlled 
in  the  immediate  vicinity  oi  the  soil-pressure  gages. 

C.2.3  Deflection-versus-Time  Gages.  Two  differ- 
— » »ypes  of  Jefl  citon-v'-aua  Jr;  gages  were  used: 
one  electrical  at  d one  mechanical.  The  electrical 
gages  were  fur.lxhed  by  Ballistic  Research  Labora- 
tories (BRL)  t-ni  modified  by  the  U.S.  Naval  Civil 
Engineering  Laboratory  (NCEL).  They  consisted 
of  a spring-loaded  shaft  onto  which  a potentiometer 
and  a pulley  were  secured.  A wire  was  attached  to 
the  pulley  and  connected  to  the  point  on  the  structure 
where  the  deflection  was  desired.  The  gages  were 
secured  to  the  floor  slab  near  the  springing  line  of 
the  arch. 

One  of  the  8RL  gages  was  checked  by  comparing 
Its  output  to  that  of  other  types  of  gages  connected  di- 
rectly to  a small  beam  which  was  subjected  to  dynamic 
loads.  The  BRL  gage  was  connected  to  the  beam  with 
an  8-foot  length  of  0.024-inch-diameter  music  wire. 
These  tests  showed  that  the  BRL  gage  had  a delayed 
initial  start  of  about  5 msec  and  a greater  initial  maxi- 
mum deflection  of  about  0.2  inch,  for  beam  accelera- 
tions of  about  100  g and  beam  deflections  of  about  *4 
Inch.  This  error  was  probably  due  to  the  inertia  of 
the  BRL  gage,  which  introduced  an  increase  in  force 
of  about  27  pounds  in  the  wire,  thus  causing  an  elastic 
elongation  of  the  wire.  In  order  to  redici  this  error 
in  case  of  high  accelerations,  NCEL  reduced  the  mass 
of  the  pulley  and  increased  the  size  of  the  music  wire 
to  0.033  Inch.  Also,  in  case  of  high  accelerations,  it 
was  planned  to  perform  postshot  calibrations  at  the 
actual  accelerations  encountered. 

The  self-recording  mechanical  scratch  gages  were 
designed  and  fabricated  by  NCEL.  They  consisted  of 
an  8-inch-long  drum  rotated  by  a constant- speed  27- 
volt-dc  motor,  and  a scribe  which  was  connected  with 
0.033-mch-dlameter  music  wire  to  the  point  of  desired 
deflection.  Where  the  gage  was  used  to  back  up  a BRL 
gage,  the  scribe  was  secured  to  the  same  wire.  Where 
the  gage  was  used  Independently,  a pulley  and  spring 
system  similar  to  the  BRL  gage  was  used  to  spr'ng 
load  the  wire.  Figure  C.3  shows  a typical  installation 
of  the  electronic  and  the  mecnamcaj  deflection  '{ages. 

The  motors  for  the  self-recording  gages  ojxrated 
at  60  t 1 rpm,  and  the  recording  d.ums  had  a circum- 
ference of  10  inches.  This  made  a very  convenient 
time  scale  of  I Inch  equal  to  loo  milliseconds. 

C.2.4  Air-Pressure  Gages.  Wiancko  Type  PH  12 
transient  air-pressure  gages  were  used  to  measure 
the  blast  overpressures.  These  gages  had  a range  of 
0 to  100  psl  and  were  Installed  in  baffles  furnished  by 


the  Stanford  Research  institute.  The  gages  were  cali- 
brated in  the  laboratory  by  applying  static  pressure 
loads  by  means  of  a pressure-calibrating  unit.  The 
actual  cables  used  m the  field  operation  were  used  in 
the  static  calibration.  The  resjxmse  of  the  gages  was 
linear  within  2 percent  over  the  full  range  of  the  gage. 

C.2.5  Accelerometer.  The  accelerometer  used 
(Model  F-100-350)  was  manufactured  by  Statham  Lab- 
oratories. Incorporated,  and  had  a range  of  0 to  100  g. 
It  was  calibrated  on  accelerometer  calibration  equip- 
ment at  the  U.S.  Naval  Air  Missile  Test  Center 
(NAMTC),  Point  Mugu,  California.  Full-range  cali- 
bration was  performed  at  frequencies  of  25,  50,  75. 
and  107  cps.  The  acceleromc  ter  was  securely  fas- 
tened to  the  inside  crown  at  the  center  of  the  arch. 

C.2.S  Mechanical  Strain  Gages.  A 10-inch  Whitle- 
morc  strain  gage  was  used  fur  taking  static  strain 
readings  at  various  stations  located  on  the  arch  in- 
irados.  This  instrument  can  be  read  to  the  nearest 
* 10  ^in/ln.  To  use  this  instrument,  small  conical 
holes  must  be  placed  in  the  surface  of  the  structure 
precisely  10  inches  apart.  For  this  purpose,  '4-mct 
deep  holes  were  drilled  into  the  concrete  and  'A-inch- 
diameter  brass  plugs  were  securely  anchored  in  these 
holes  with  Hydrostone.  The  small  conical  Doles  were 
drilled  into  these  plugs. 

C.3  METHODS  OF  RECORDING  AND 
PROCESSING  DATA 

The  48  channels  of  transient  electronic  instrumenta- 
tion were  recorded  photographically  on  two  Type  5-114- 
P3  oscillographs  and  one  Type  5-114-P4  manufactured 
by  Consolidated  Electrodynamic  Corporafion  (CEC). 
Type  809  Photographic  paper  manufactured  by  Eastman 
Kodak  Company  was  used  as  the  recording  medium  in 
the  oscillographs. 

The  carrier  voltage  for  each  channel  was  supplied 
by  three  CEC  Type  2-105A  oscillator-power  supplies 
and  two  CEC  Type  1-118  carrier  amplifiers.  The 
transient  signals  were  amplified  by  CEC  Type  1-U3B 
amplifiers  and  the  two  Tjpc  1-118  carrier  amplifier 
units.  In  order  to  prevent  cross -modulation  of  the 
various  oscillators,  it  was  necessary  to  disable  die 
oscillator  sections  In  two  of  the  Type  2-105A  power 
supplies  and  to  drive  the  three  power  supplies  from  a 
single  oscillator.  It  was  also  necessary  to  feed  back 
a portion  of  the  carrier  voltage  from  the  master  power 
supply  into  the  two  Type  1-118  carrier  amplifiers  In 
order  to  lock  in  the  oscillators  of  these  unit*  to  the 
same  fretfiency  as  that  of  the  master  power  supply. 

The  power  supplies,  carrier  amplifiers,  and  the  Type 
5- 1 14-P4  oscillograph  o,  crated  on  115  volts  ac  at  60 
cps  provided  by  four  converters  manufactured  by 
Carter  Motor  Company  of  Chicago.  Illinois.  The  T)pe 
5-114-P3  oscillographs  and  converters  received  power 
from  six  nickel -cadmium  batteries  having  a total  rat- 
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ing  of  360  ampere- hours  a*  Ji  *,ults. 

The  BRL  ticflcilion  gage  bi  utges  were  operated  at 
approximately  6.  t .oils  tk*  Iroin  the  nickel -cadmium 
batlerie.  . The  ailual  voil.igi  at  shot  time  was  to  be 
indicated  b\  tiu  t itu  til  «•!  a gaUainunelet  in  uin* 

o!  the  k.m  lll'igt  iph*».  I iu  d«  tu  « t*  *H  gage  t,  hailllels 
acre  bal.UH  t tl  In  nu  »:»s  »*|  .1  Ciiltui\  Model  1 ''*»!• 
bring*  control  unit  m.tnui.u  tut  *d  i»v  C*  ntun  bicrtiun- 
ics  anil  lusti  uuti  nts.  tm  . . -a  i'uisa.  Oklahoma- 

An  electio* mechanical  tune-* unti «d  unit  o nlatned 
(1)  it  ia_\  s tor  tm ''hoi  tmg  tin  g diant-meu  rs  » « tint  * u «! 
to  the  tk*  bintge  - «si«  ■ \ "Upping 

switches  !»»:  v.nibl  t*i**n  •*!  ♦.»*  n|i  .i.r;  g 1 hann«  Is. 
-UUt  (3)  tm.e-tlc!a\  motui  •>  toi  "l.  : :.ng  tin  iga/nic 
tinves  ot  the  t>sc iKugi.iphs  p:esn-*;  : *»  post 


graphs.  All  equipment  11  ..!**  the  instrument  shelter 
was  securely  anchoret!  to  work  benches  by  means  of 
shuck- mount  connections. 

Since  the  equipment  lould  not  be  manually  operated 
during  the  shot,  it  a.**»  :ku  ssaiy  to  rely  on  standard 
tuning  sign  *i"  pi  »»\  ioi.l  P\  K Jgtrton,  Germeshausen 
and  Giu  i cIGa.G).  A .iU-tmnutv  signal  activated  a 
solenoid  wimh  n U m.m  .!  a iieavy-dutv  knile  switch, 
therein  ptocidiiu;  j*»wer  *o  the  ;iower  supplies  and  os- 
ciih  graph"  in  01  del  that  the  equipment  would  be 
w.ii  am!  up  b\  shot  time.  t his  Mgnol  was  backed  up 
bv  a minus'  la- mtnuu  Mgnul. 

At  :n:nu**  13  -eton»ls,  .1  signal  initialed  a lime- 
«k  1 a nad*T  ot  appioxunatelv  y seconds,  at  which 
tune  the  magazine  dnves  ol  the  oscillographs  were 


figure  C 3 Tv  picul  installation  of  the  electronic  and 
tin-  nicch.inical  deflection  g;.ges 


shot  calibration,  and  luinin^  ill  < quipnu nl  oil.  All 
relays  in  the  time-control  unit  were  m the  meihumeul 
latch  type. 

The  recording  inMrunn nts  wi  n loialid  in  an  under- 
ground instrument  shillcr  approximately  i>u  net  trom 
Structure  3.1....  The  in->tiununl  .-.hide!  had  riinlortcd- 
c ncrctc  walls  tnd  roof  37  inmcn  thick,  with  tic  top  of 
the  shelter  at  ground  level.  An  < ai  th  mound  'oproxi- 
mately  5 (eel  thick  was  placed  over  the  shelter. 

It  was  expected  that  the  nuvimum  total  radiation 
inside  the  sncllor  would  hi  less  than  !"  roentgens . 

This  amount  of  radiation  would  not  produce  significant 
(egging  ol  the  Eastman  Kodak  Type  soy  paper  which 
was  used  as  the  recording  medium  in  the  three  oscilli- 


started.  Automatic  stepping  switches  were  also 
started  which  provided  an  electrical  signal  for  cali- 
bration put  iaim's  lo  all  strain  gage  channels  m se- 
quence. The  last  step  of  the  stepping  switch  supplied 
a signal  which  was  recorded  on  an  extra  channel  on 
all  oscillographs.  This  ulf  irocd  a means  of  coordinat- 
ing the  records  him  the  three  oscillographs.  A mlnua- 
5-second  signal  was  -sed  to  back  up  the  mir.us-  15- 
second  signal. 

A mmus-3 '/j-second  signal  was  used  to  start  the 
rotating  ill  um  deflt  c lion  gages.  This  signal  also 
started  two  lime-delay  motors,  one  to  initiate  the 
postshot  calibration  of  all  strain-gage  channels  and 
one  to  shut  off  the  electrical  power  to  all  equipment. 
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In  the  event  ol  failure  of  both  the  mlnus-15-second 
and  mlnus-5-second  signals,  the  minus-2 '4-second 
signal  would  also  start  the  record  drives  of  the  three 
oscillographs,  although  there  would  not  be  sufficient 
time  for  the  presbot  calibration  of  the  strain-gage 
channels. 

At  zero  time,  thyratron  tubes  were  used  to  backup 
the  minus-2  ’/j-eecond  signal  and  to  supply  a zero- 
time signal  which  was  recorded  on  all  of  the  oscillo- 
graphs. These  tubes.  No.  5323.  are  sensitive  to  high 
light  intensity,  but  will  not  be  triggered  by  the  light 
from  the  sun.  Since  the  galvanometers  connected  to 
the  dc  bridges  were  shorted  at  zero  time  to  protect 
them  from  the  electro-magnetic  propagation,  these 
thyratron  tubes  were  also  used  to  unshort  the  galva- 
nometers prior  to  arrival  of  the  shock  front. 

At  approximately  12  seconds  after  zero  time,  the 
stepping  switches  provided  postsbot  calibration  signals 
to  the  galvanometers  connected  to  the  strain  gages. 

The  power  to  all  instrumentation  equipment  was  shut 
off  at  approximately  17  seconds  after  zero  time. 

With  the  transducers  and  recording  system  used, 
all  records  which  had  a trace  excursion  of  two  inches 
or  less  were  linear.  This  simplified  the  data  reduc- 
tion. However,  because  of  the  large  volume  of  data, 
the  oscillogram  data  reduction  equipment  of  NAHTC 
was  used.  This  equipment  followed  each  trace,  re- 
corded the  elapsed  time,  measured  and  recorded  the 
trace  excursions,  applied  the  calibration  cousUnta, 
and  produced  a compilation  of  the  Information  obtained. 
This  data  could  now  be  plotted  to  a convenient  scale. 

The  deflections  of  each  instrumented  point  in  Struc- 
ture 3.1.n  were  measured  with  respect  to  both  spring- 
ing lines,  thus  giving  two  vectors  which  were  reaolved 
into  horizontal  and  vertical  components. 

C.«  RESULTS 

Because  of  the  high  Intensity  of  the  radioactive 
field  In  the  vicinity  of  the  Instrumentation  shelter,  the 
oscillographic  records  were  not  recovered  until  a few 
days  after  the  shot.  A film  badge  which  had  been 
placed  near  the  recorders  Indicated  that  the  records 
had  received  a total  dote  of  approximately  6 roentgens. 
This  exposure  produced  records  with  a background  only 
slightly  darker  than  normal,  and  having  an  Insignificant 
effect  on  the  readability  of  the  traces. 

The  three  oscillographs  and  associated  equipment 
operated  very  satisfactorily,  electronically,  during 


the  shot;  however,  a slippage  of  the  paper  in  one  of 
the  oscillographs  resulted  in  a loss  of  those  records. 
Several  of  these  channels  were  backup,  though,  and 
the  data  recorded  on  other  oscillographs.  The  in- 
formation from  only  seven  of  the  transducers  was 
completely  lost  due  to  the  slippage.  A summary  of 
the  Instrumentation  results  for  Structure  3.1.n  is 
given  In  Table  C.l. 

The  SR-4  electrical  resistance  strain  gages  gave 
acceptable  record*.  However,  there  was  some  drift 
due  to  a relatively  low  gage  resistance  to  ground. 

This  was  probably  caused  by  an  electrical  breakdown 
of  the  Epon  resin  used  as  a waterproof  membrane  be- 
tween the  gage  and  the  concrete.  In  order  to  maintain 
a high  gage  resistance  to  ground,  it  i*  recommended 
that  m future  operations,  metallic  shim  stock  be  used 
as  the  Impervioua  membrane  between  the  gage  and  the 
concrete  surface.  These  records  are  given  in  Table 
C.2  and  Figure  C.l. 

The  earth  pressure  gages  gave  what  appear  to  be 
good  records,  but  the  method  of  mounting  the  gages 
at  tb<“  30-  and  60-degree  positions  produced  question- 
able results,  probably  due  to  local  earth  arching. 

These  records  are  given  in  Figure  C.5. 

The  h'CEL  self-recorumg  defleetion-versus-Ume 
gages  functioned  exceptionally  well.  The  scratches 
were  so  well  defjied  that  deflections  could  be  read  to 
Lbe  nearest  0.01  inch,  and  time  could  be  read  to  the 
nearest  mlllisecord.  Acceleration  records  of  other 
agencies  indicated  that  these  gage*  were  not  subjected 
to  acceleration*  of  a high  e;.ough  magnitude  to  neces- 
sitate a postsbot  calibration  (see  Section  C-2.3).  One 
disadvantage  of  the  NChi  self-record’ng  deflection- 
vcrsus-tlme  gages  was  that  there  was  no  way  by  which 
zero  time  could  be  established  and  therefore  do  means 
by  which  their  records  could  l-e  coordinated  time-wise. 
For  future  operations  it  1*  pl-aned  to  modify  these 
gages  to  provide  a zero-time  mark  for  this  purpose. 
The  records  from  these  gages  are  reproduced  In  Fig- 
ure C.6. 

Records  obtained  from  the  electrical  deflectlon- 
versus-time  gage*  proved  unsatisfactory.  All  of 
these  records  exhibited  large  zero  shifts,  and  some 
had  very  high  nolse-to-slgnal  ratio*.  These  condi- 
tions did  not  exist  during  the  preshot  timing  runs. 

The  differences  between  (be  presbot  and  postshot 
i train  readings  recorded  by  the  mecnanlcsl  (Uhitle- 
more)  strain  gages  are  shown  In  Figure  3.11. 
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TABLE  C.l  SUMMARY  OF  INSTRUMENTATION  RESULTS  FOR  STRUCTURE  3.1-n 


Gage  location*  are  given  in  Figure  2.10.  Mechanical  a train  gage*  were  need  lor  atatio 
readings  only.  Results  are  given  in  Figure  3.5. 


Commsnt 

Figure 

Gage 

Comment 

Figure 

31 

Good  Record 

C.4 

£15 

Good  Record 

C.S 

32 

Good  Record 

C.4 

£17 

Record  Appears  Good 

C.5 

S3 

Good  Record 

C.4 

E1S 

Beyond  Range 

C.5 

u 

Static  Readings  Only 

• 

E19 

No  Record 

— 

35 

Good  Record 

C.4 

E20 

No  Record 

— 

S6 

Good  Record 

C.4 

£21 

Good  Record 

C.S 

37 

Stifle  Readings  Only 

• 

£22 

Questionable  Record 

C.5 

3* 

Back-up  Record  Only 

C.4 

£23 

Record  Appears  Good 

C.5 

39 

Good  Record 

C.4 

£24 

Beyond  Range 

C.5 

310 

Good  Record 

C.4 

£25 

Record  Appears  Good 

C.5 

311 

Good  Record 

C.4 

E2S 

No  Record 

— 

S12 

Static  Read  ngs  Only 

• 

313 

Static  Reading*  Only 

• 

013 

No  Record 

— 

Sit 

Static  Readings  Only 

• 

019 

Good  Record 

C.S 

315 

■Static  Reelings  Only 

• 

D20 

Good  Record 

c« 

SIS 

Static  Readings  Only 

ft 

D21 

No  Record 

— 

317 

Static  Readings  Only 

• 

022 

Good  Record 

C.S 

313 

Static  Reacting*  Only 

• 

023 

No  Record 

— 

319 

Good  Record 

C.4 

D24 

Good  Record 

C.f 

320 

Good  Record 

C 4 

025 

Good  Reoord 

c.« 

321 

No  Record 

— 

D2S 

Good  Record 

C.S 

322 

Good  Record 

C 4 

D27 

Unusable  Record 

— 

323 

Good  Record 

C.4 

028 

No  Apparent  Record 

— 

324 

No  Record 

— 

D29 

Good  Record 

C.S 

325 

Good  Record 

C 4 

P7 

No  Record 

— 

A7 

No  Record 

— 

PS 

No  Recordable  Cba^e 

• See  Table  C.2  for  result*. 


TABLE  C.l  PERMANENT  STRAINS,  STRUCTURE  3.1a 


Refer  to  Figure  2.12  for  gage  location. 

These  values  arc  the  difference  beta's  Be  readings  taicsu  two  days  before  the  shot 
and  Mix  days  after  the  shot. 


Gage  Number 

Permanent  Strain 

Gage  Number 

Penrsaent  atrsia 

W*  In/In 

10"*  la/lr 

31 

• 

313 

• 

32 

20  (C) 

314 

10  (C) 

33 

100  1C) 

SIS 

70  (T) 

34 

• 

Sit 

ft 

35 

40  <TI 

317 

20  (T) 

38 

20  <T> 

311 

120  (C) 

37 

• 

SIS 

* ■ A 

38 

0 

320 

0 w 

39 

120  (Tl 

321 

140  (C> 

310 

• 

322 

to  m 

311 

SO  (T) 

323 

3*0  <T) 

312 

520  (T) 

324 

to  rr> 

323 

•0  <C) 

* No  record.  <C)  • Coapreesioa.  (T)  - Taaafoa. 
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Appendix  O' 

RADIATION  INSTRUMENTATION 


D.l  BACKGROUND  AND  THEORY 

Tests  prior  to  Operation  Teapot  have  shown  that 
below-grade  shelters  give  75  percent  better  gamma 
shielding  than  those  shelters  that  are  partially  above 
grade  (Reference  70).  Teapot  data  illustrated  that 
completely  below-grade  shelters  with  4 feet  of  verti- 
cal earth  cover  gave  an  inside-to-outaide  g.imma-doae 
ratio  (to  be  defined  herein  as  a gamma  transmission 
factor)  as  low  as  1.2  * 10"4  and  a neutron  transmission 
factor  of  1.4  x lo-*  for  the  high-energy  neutron  Tux 
which  would  be  detected  by  sulfur  threshold  detectors 
(Reference  21).  Detector  stations  nearer  to  the  en- 
tranceways  of  the  structures  indicated  much  greater 
transmission  factors  and  therefore  received  higher 
radiation  dosages. 

The  shelters  to  be  instrumented  for  radiation  meas- 
urements during  Operation  Plumbbob  were  all  under- 
ground. For  this  reason,  the  Teapot  results  in 
below-grade  structures  UK  3.8A,  UK  3.8B,  UK  3.8C, 
and  UK  3.7  were  particularly  useful  In  predicting  ex- 
pected shielding  by  the  shelters  during  Plumbbob 
(Reference  21).  These  results  were  augmented  by 
empirical  relations  for  neutron  and  gamma  radiation 
passing  through  hollow  cylinders  a'  given  in  the  “Re- 
actor Shielding  Design  Manual"  for  evaluating  the  ef- 
fect of  various  openings  and  baffles  (Reference  22). 

As  a result  of  these  analyses  the  only  part  of  the 
Plumbbob  3.1  structures  expected  to  have  an  adverse 
effect  on  shielding  property  was  the  entranceway.  In 
regard  to  relative  radiation  dosages  within  such  shel- 
ters, a consideration  of  the  slant  thickness  (the  line 
of  sight  cover)  would  indicate  that  the  greater  dose  is 
to  be  expected  in  the  portion  of  the  shelter  farthest 
from  ground  aero. 

D.2  DESCRIPTION  OF  INSTRUMENTATION 

D.2.1  Gamma  Film  Packets.  Gamma  dose  was 
measured  with  the  National  Bureau  of  Standards- 
Evans  Signal  Laboratory  (NBS-ESL)  film  packets 
(References  23,  24,  and  25).  In  the  exposure  range 
from  l to  50.000  r and  in  the  energy  range  from  115 
kev  to  10  Mev  the  accuracy  of  the  dosimeter  is  con- 
sidered to  be  within  ± 20  percent.  The  net  photographic 
response  is  expected  to  be  approximately  energy  inde- 
pendent. This  is  achieved  by  modifying  the  bare- 


1 Prepared  by  Project  2.4,  Radiological  Division, 
U.S.  Army  Chemical  Warfare  Laboratories,  Robert 
C.  Tompkins,  Project  Officer. 


emulsion  energy  response,  which  has  peaks  near  the 
K-shell  photoelectric  absorption  edges,  absorber  and 
bromine,  by  placing  the  entire  emulsion  in  an  8.25- 
mm-thick  oakelttc  case  covered  with  1.07  mm  of  tin 
and  0.3  mm  of  lead  and  surrounded  by  a %j-inch  lead 
atrip  over  the  open  edges.  The  entire  arrangement 
is  placed  in  a plastic  cigarette  case. 

Although  the  angular  dependence  of  the  gamma  film 
packet  when  it  is  exposed  to  higher  energy  radiation  ia 
negligible,  for  lower  energies  it  is  Important.  An  In- 
terpretation of  the  results  obtained  by  Ehrlich  (Refer- 
ence 24)  indicates  that,  for  radiation  isotropically  In- 
cident on  the  packet,  the  dose  value  is  about  5.5  percent 
lower  for  1.2-Mev  radiation  than  that  obtained  by  an 
instrument  having  no  angular  dependence,  about  32  per- 
cent low  for  0.20-Mev  radiation,  and  about  45  percent 
low  for  O.M-Mev  radiation.  Although  the  film  packets 
may  show  only  * 20-percent  error  in  normal  radlatloo 
fields,  some  consideration  should  te  given  to  the  fact 
that  In  a relatively  isotropic  and  degraded  energy  field, 
such  as  might  exist  in  structures  with  many  feet  of 
earth  cover,  the  film  packets  may  indicate  low  values. 

D.2.2  Chemical  Dosimeters.  The  chemical  dosim- 
eters utilized  for  instrumenting  the  structures  were 
supplied  by  the  United  States  Air  Force  School  of  Avia- 
tion Medicine  (SAM). 

The  SAal  chemical  dosimeters  Include  two  main 
types  of  chemical  systems. 

The  measurement  of  the  neutron  dose  with  the  high- 
hydrogen-content  dosimeter  was  accomplished  by  eval- 
uation of  the  amount  of  stable  acid  produced  in  a mixed 
radiation  field  by  one  of  the  above  techniques.  Since 
the  water-equivalent,  high-hydrogen-content  dosimeter 
is  X-  and  gamma-ray  energy-dependent  and  has  a 
known  neutron  response,  the  total  acid  production  can 
be  considered  as  a combined  function  of  the  neutron 
and  gamma  radiations.  Subtraction  of  the  gamma- 
produced  acids  as  measured  by  the  fast  neutron  in- 
sensitive chemical  dosimeter  systems  (Reference  28) 
left  a given  quantity  of  acid  produced  by  the  neutrons. 
Division  of  this  neutron-produced  acid  by  the  acid 
yield  per  rep  yielded  a neutron  dose  in  terms  of  reps. 

Gamma  measurements  in  the  presence  of  neutrons 
were  accomplished  by  using  the  hydrogen-free  dosim- 
eters. Since  all  chemical  dosimeters  are  sensitive  to 
thermal  neutrons  the  thermal  neutron  dose  was  cal- 
culated Independently  from  cadmium-gold  difference 
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measurements.  The  dia  were  then  corrected  by  sub- 
traction of  S.7  roentgen  equivalents  per  thermal  neutron 
rep  (Reference  27). 

D.2.3  Neutron  Threshold  Devices.  A complete  de- 
scription of  the  neutron  system  used  for  instrumenting 
the  structures  can  be  found  in  Reference  28.  Thermal 
and  epithermal  neut.on  flux  was  measured  with  gold 
foils  by  the  cadmium  difference  method.  This  tech- 
nique yields  the  flux  of  neutrons  below  the  cadmium 
cutoff  of  about  0.3  electron  olt  Intermediate  energy 
neutrons  were  measured  with  a series  of  three  boron- 
shielded  fission-threshold  detectors  — Pua*  (>3.7  kev). 
NpUI  (-0.7  Mev).  and  U,J*  (>1.5  Mev).  High  energy 
neutrons  wer“  measured  with  sulfur  detectors  havi'g 
an  effective  threshold  of  3 Mev.  The  cadmium  cutoff 
and  the  various  energy  thresholds  are  not  clearly  de- 
fined points.  For  this  reason  neutron  fluxes  in  this 
report  will  be  Identified  with  detectors  rather  than  with 
energy  ranges. 

The  accuracy  of  these  detectors  is  approximately 
t 15  percent  for  doses  greater  than  25  rep.  Measure- 
ments are  unreliable  below  25  rep  and  cannot  be  made 


sired.  A film  packet,  a (.hemic'*!  dosimeter,  and  in 
some  cases  a thermal  neutron  detector  were  installed 
at  each  instrument  station.  Structure  3.1.n  contained 
6 such  stations  while  the  other  3 structures  contained 
3 stations  each.  The  location  of  each  Instrumentation 
station  is  referenced  in  Tables  D.2  and  D.3.  and  in 
Figures  D.l.  D.2.  and  U.3.  to  a right-handed  cartesian 
coordinate  system  with  origin  at  the  centroid  of  the 
floor  of  the  structure  proper.  The  X direction  is  taken 
as  positive  toward  ground  aero,  Y is  positive  away 
from  the  entrance,  and  Z is  positive  upward.  In  order 
to  calculate  transmission  factors  it  was  necessary  to 
obtain  free-field  readings.  Neutron  spectral  data  were 
obtained  from  the  line  of  stations  established  by  Pro- 
ject 2.3  at  100-yard  intervals  west  from  ground  zero. 

In  addition,  chemical  dosimeter  and  film  packet  free- 
field  stations  were  located  at  ranges  287,  347,  383, 
and  453  yards. 

D.4  RESULTS  AND  DISCUSSIONS 

Free-Held  dosages  are  given  in  Table  D.l,  and 
gamma  and  neutron  doses  inside  the  shelters  are 


TABLE  D.l  FREE-FIELD  INITIAL  RADIaTION  DOSES:  PRISCILLA  SHOT, 
FRENCHMAN  FLAT 

The  yield  was  36.6  kt  and  the  burst  height,  700  ft. 


Structure 

Horizontal 

Range 

Slant 

Range 

Gamma  Dose 

Neutron  Dose 

Film 

Badge 

Chemical 

Dosimeter 

Foil 

Method 

Chemical 

Dosimeter 

yd 

yd 

r 

r 

rep 

rep 

3.1  c 

287 

370 

3.0  x 10* 

3.00  x 10* 

2.5  x 10* 

2.49  x 10* 

3.1.b 

347 

418 

2.0  * 10* 

1.89  x 10* 

1.6  x 10* 

1.62  x 10* 

3.1.4  and  n 

453 

510 

1.05  x 10* 

1.02  x 10* 

7.5  ' 10* 

7 65  x 10* 

below  5 rep.  Tbe  detectors  were  calibrated  and  read 
by  Project  2.3. 

D.3  INSTRUMENTATION  LAYOUT 

Tbe  objective  of  the  radiation  instrumentation  was 
to  determine  the  effectiveness  of  the  buried  structures 
for  providing  radiation  protection.  Accordingly,  the 
structures  were  Instrumented  to  measure  the  gamma 
and  neutron  dose  which  would  be  received  at  a nominal 
height  of  3 feet  above  the  Hoor  of  tbe  structure.  Since 
the  activities  produced  in  the  threshold  detectors  are 
relatively  short-lived,  the  two  structures,  3.1. a and 
S.l.b,  which  were  to  be  Instrumented  with  these  detec- 
tors were  equipped  with  aluminum  tubes  from  which 
the  threshold  devices  could  be  withdrawn  by  means  of 
a cable  system  a few  minutes  after  shot  time.  The 
structural  details  of  the  cable  systems  are  given  in 
Appendix  G,  Figure  G.3.  Since  none  of  the  other  dose 
detection  systems  require  early  recovery  their  loca- 
tions were  controlled  only  by  tbe  data  that  were  de- 


listed In  Tables  D.2  and  D.3,  respectively.  Results 
shown  as  less  than  a given  figure  Indicate  the  |.<wer 
limit  for  detector  sensitivity  in  case3  where  the  de- 
tectors gave  no  readings.  It  Is  evident  from  the  de- 
crease in  dosages  with  distance  from  the  cntranceway 
that  a large  amount  of  radiation  streamed  through  the 
entranceway. 

The  effect  of  greater  slant  thickness  of  soil  on  the 
ground  zero  side  of  the  structure  is  evident  from  a 
comparison  of  (be  D,  E,  and  F positions  in  Structure 
3.1. n. 

D.5  CONCLUSIONS 

The  underground  shelters  constructed  by  Project 
3.1  did  not  provide  adequate  protection  throughout 
most  of  their  areas  against  the  initial  gamma  and  neu- 
tron radiation  from  a 36.6-kt,  moderately  high-neutror- 
flux  device  at  slant  ranges  from  370  to  510  yards.  The 
gamma  and  neutron  shielding  could  be  Improved  con- 
siderably by  suitable  design  of  the  entrancewsys. 
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TABLE  D.2  GAMMA  SHIELDING  CHARACTERISTICS  OF  PROJECT  3.1  STRUCTURES:  PRISCILLA  SHOT, 
FRENCHMAN  FLAT 


Yield:  36.6  Id 

Height  of 
Burst:  700  It 

Earth 

Cover 

Hori- 

zontal 

Range 

Slant 

Range 

Angle 

of 

Sl*ht 

Coordinate* 
of  Poaltloo 

Dose 

Transmission  Factor 
(Dl/Do) 

Type 

Film 

Badge 

Chemical 

Dosimeter 

Film 

Badge 

Chemical 

Dosimeter 

X 

Y 

Z 

Concrete  arches 

ft 

yd 

yd 

deg 

ft 

ft 

ft 

r 

r 

3.1.4 

A 

4 

433 

510 

27 

0 

- 12 

3 

>10* 

3.5  x 10* 

>9  x 10’* 

3.4  x 10'* 

B 

0 

- 9 

3 

4.2  x 10* 

7.7  x 10* 

4X10'* 

7.6  x 10"’ 

C 

-1.5 

3.3 

3 

4.4  x 10* 

5.0  x 10* 

4 a X 10'* 

4.9  x 10"* 

3.1.b 

A 

4 

347 

418 

34 

0 

-12 

3 

>10* 

9.3x10* 

>5x10'* 

4.9  X 10'* 

B 

0 

-9 

3 

>10* 

3.5  x 10* 

>5x10'* 

1.9  x 10'* 

C 

-1.6 

3.3 

3 

1.25  x 10* 

1.35  x 10* 

6.2x10'* 

7.1  x 10'* 

3.1.0 

A 

4 

287 

370 

39 

0 

-12 

3 

>10* 

1.5  x 10* 

>3x10'* 

55  x 10'* 

B 

0 

- 9 

3 

>10* 

4.3  x 10* 

>3x  10'* 

1.4  x 10'* 

C 

-1.5 

3.3 

3 

2.1  x 10* 

4.55  x 10* 

7.0  x 10'* 

1.5  x 10'* 

3.1  n 

A 

4 

453 

510 

27 

0 

- 18 

3 

>10* 

3.75  x 10* 

>9x10'* 

3.7  x 10'* 

B 

0 

-15 

3 

5.7  X 10* 

1.2  x 10* 

5.4  x 10'* 

1.2X10'* 

C 

0 

15 

3 

1.65  x 10* 

<50 

1.6  x 10'* 

<3X10'* 

D 

6.5 

0 

3 

3.3  x 10* 

8.4  x 10* 

3.1  x 10'* 

8 a x 10'* 

E 

0 

0 

3 

3.9  X 10* 

5.6  X 10* 

3.7  x 10' 1 

6.5  x 10'* 

F 

-6.5 

0 

3 

4.0  x 10* 

8.8  X 10* 

35x10'* 

85  x 10'* 

TABLE  D.3  NEUTRON  SHIELDING  CHARACTERISTICS  OF  PROJECT  3.1  STRUCTURES: 
FRENCHMAN  FLAT 

PA13CILLA  SHOT, 

Yield:  36.6  kt 

Height  of 
Burst:  700  ft 

Esrth 

Cover 

Horl-  Angle 

tontal  Slant  of 
Range  Range  Sight 

Coordinates 
of  Position 

Dose 

Trans  nil  sal  on  Factor 
(Dl/Do) 

Foil 

Method 

Chemical 

Dosimeter 

Foil 

Method 

Chemical 

Dosimeter 

Type 

X 

Y 

z 

Concrete  arches 

ft 

yd 

yd 

d*« 

ft 

ft 

ft 

rep 

r*p 

3. Is  A 

4 

453 

510 

27 

0 

-12 

3 

• 

7.0  X 10* 

• 

85  xlO'* 

B 

0 

-9 

3 

• 

1.2  x 10* 

• 

1.4x10'* 

C 

-1.5 

3.3 

3 

<25 

<50 

< 3 « 10'* 

<6x10'* 

3.1b  A 

4 

347 

418 

34 

0 

- 12 

3 

• 

9.4  x 10* 

• 

4.9x10'* 

B 

0 

-9 

3 

• 

t 

4 

t 

C 

- 1.5 

3 3 

3 

5.7  x 10* 

9.0  x 10* 

3.6  x 10'* 

4.7  x 10'* 

3.1c  A 

4 

287 

370 

39 

0 

- 12 

3 

• 

8.0  x 10* 

• 

2.1  xlO'* 

B 

0 

- 9 

3 

• 

8.5  X 10* 

• 

2.3  x 10’* 

C 

- 1.5 

3.3 

3 

4 

2.5  x 10* 

• 

8.6  X 10'* 

3.1  .n  A 

4 

453 

510 

27 

0 

- 18 

3 

• 

2.5  x 10* 

• 

3.0  x 10*  * 

B 

0 

- 15 

3 

• 

7.0  x 10* 

4 

85  x 10'* 

C 

0 

15 

3 

4 

<50 

4 

<8X  10'* 

D 

8.5 

0 

3 

• 

<50 

4 

<8x  10'* 

E 

0 

0 

3 

• 

<60 

« 

<8x  10'* 

F 

-8.5 

0 

3 

• 

<50 

4 

<8x  10'* 

* Not  Instrumented 
t No  date  obtained 
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Figure  D.l  Location  of  the  detector  coordinate  system  In  Structures  3.1.a  and  b. 


Figure  D.3  Location  of  the  detector  coordinate  ayatem  In  Structure  3.1.n. 


Appendix  E' 


INTERIOR  MISSILE  and  DUST  HAZARD 


£.1  BACKGROUND 

S.1.1  Missile  Hazard.  Although  most  of  th"  re- 
cent work  June  in  wound  ballistic  :i  has  b<  cn  concerned 
with  missiles  having  velocities  betwem  600  and  9.000 
ft/sec.  It  is  also  a fact  that  relatively  slow  velocity 
missiles  which  are  secondary  ellects  of  large-scale 
explosions  cause  significant  casualties.  It  is  an  im- 
portant fact  that  missiles  with  velocities  well  below 
500  ft  'sec.  in  some  instances  even  less  than  90  ft/sec. 
penetrated  the  abdominal  wails  of  experimental  animals 
(dugs).  From  this,  it  is  evident  that  siow-velocity 
missiles,  the  type  that  would  he  expected  in  under- 
ground concrete  structures,  possess  wounding  capa- 
bilities. (Sec  also  Reference  29. ) 

£.1.2  Interior  Dust  Hazard.  Fatalities  from  the 
inhalation  of  dust  among  individuals  who  had  entered 
structures  to  escape  the  effects  of  aerial  bombard- 
ment are  described  in  Reference  30.  The  sources  of 
the  dust  (which  often  was  in  the  particle  sue  range  to 
mechanically  occlude  the  respiratory  passages)  were 
collapse J buildings  and  the  ceilings  and  walls  of  struc- 
tures near  which  bomb  detonations  occurred.  Appar- 
ently, explosions  can  cause  dust  inside  of  non- 
penetrated  shelters  not  only  because  of  mechanical 
factors  but  also  by  the  spalling  effect,  a phenomenon 
which  involves  the  transmission  of  a shock  or  pressure 
pulse  through  the  walls  of  a structure,  which  upon 
reaching  the  air-structure  mtc-face  at  the  inner  sur- 
face is  reflected  as  tension  wave  back  into  the  wail. 

The  consequence  of  the  reflection  is  the  spalling  of 
portions  of  the  wall  and/or  fine  particles  of  different 
sizes  which  are  kicked  off  the  Inner  surface  into  the 
Internal  atmosphere.  The  existence  of  a potential 
hazard  to  occupants  is  a function  of  particle  size,  con- 
centration in  the  inhaled  air,  and  total  lime  of  ex- 
posure. 

Since  dust  is  a known  environmental  hazard  and  be- 
cause no  data  exist  referable  to  dosed  underground 
structures  exposed  to  nuclear  detonations,  a decision 
was  made  to  carry  out  field  investigation  to  determine 
if  a dust  hazard  actually  existed  in  the  structures  of 
Project  3.1. 

E.2  OBJECTIVES 

The  main  objective  of  placing  Styrofoam  missile 

1 This  appendix  written  by  Clayton  S.  White,  M.D. , 
Project  33.2,  Director  of  Research,  The  Lovelace 
Foundation,  Albuquerque,  New  Mexico. 


traps  in  the  four  structures  was  to  determine  whether 
or  nut  a missile  hazard  ^concrete  fragments)  actually 
existed,  and  to  attempt  a correlation  uf  missile  hazard 
with  percent  of  structural  damage.  At  the  present 
time  there  exists  no  precise  assay  of  casualties  caused 
from  missiles  with  respect  to  missile  size  and  velocity. 

The  main  objectives  <>f  the  dust  study  were  to  docu- 
ment the  particle  sizes  of  preshot  and  postshot  dust 
and  to  differentiate,  if  jxissible,  the  sources  ul  me 
postshot  dust,  e.  g..  whether  or  not  particles  arose 
from  the  existing  dirt  on  the  floor  of  shelters  or  ac- 
tually spalled  from  the  floor,  walls,  or  ceiling  as  a 
result  of  the  explosion. 

E.3  PROCEDURES 

E.3.1  Missile  Traps.  Styrofoam  22  (made  by  the 
Dow  Chemical  Company,  Midland.  Michigan)  has  most 
of  the  required  properties  of  a good  absorber  of  mis- 
siles. The  relatively  low  shear  strength  and  the  non- 
fibrous  cellular  structure  of  Styrofoam  result  in  lo- 
calized compressive  deformation.  The  resistance  of 
Styrofoam  to  deformation  is  low  enough  so  that  rela- 
tively slow  velocity  missiles  penetrate  sufficiently  to 
be  measured  accurately.  (See  Reference  29). 

The  missile  traps  were  constructed  of  %’inch- 
thick  plywood  and  were  3 feet  long,  l foot  wide,  and 
11  inches  deep  with  Styrofoam  filling  the  entire  box. 

The  traps  were  located  near  the  center  of  each  struc- 
ture and  secured  to  the  floor  by  means  of  a chain  an- 
chored to  Ramset  fasteners.  A typical  trap  in  place 
is  shown  in  Figure  2.14. 

E.3. 2 Dust  Collectors.  Two  somewhat  similar 
types  of  dust  collectors  were  utilized.  The  lirst. 
taped  to  the  floor  of  each  shelter,  consisted  of  an  or- 
dinary glass  microscopic  slide,  one  inch  of  which  was 
covered  with  transparent  scotch  tape,  sticky  side  up. 

The  second,  cemented  to  the  floor  of  each  structure, 
was  the  sticky-tray  fallout  collector:  a ‘/,,-lnch-thlck 
plate  of  galvanized  sheet  metal  9 ’/,  by  10 % inches  was 
employed  for  rigidity,  on  top  of  which  a transparent 
but  sticky  paper  was  fixed  with  masking  tape.  The  top 
of  the  sticky  tray  (8  by  9 me  he*)  was  promoted  by  two 
rectangular  pieces  of  paper  which  ordinarily  are  strip- 
ped off  Just  before  exposure  of  the  collector.  Upon 
Installation  of  each  plate  one  of  the  protective  papers 
was  removed  and  the  uncovered  side  of  the  collector 
was  marked  "C”  for  control.  When  the  structures 


120 


CONFIDENTIAL 


were  closed  up,  the  other  protective  osper  was  re- 
moved. thus  exposing  the  other  side  ol  the  collector 
marked  "E”  for  experimental. 

Thus  the  microscopic  slides  collected  preshot  and 
postshot  dust,  the  control  side  of  the  fallout  collector 
collected  preshot  and  postshol  dust,  and  ihe  experi- 
mental side  collected  predominantly  postsbot  dirt. 

Two  slides  and  two  trays  were  placed  in  each  struc- 
ture. At  the  time  of  installation  of  the  slides  and  trays, 
2 sample  of  dirt  was  scraped  from  the  floor  of  each 
structure  and  placed  in  a marked  bottle. 

£.4  RESULTS 

The  structures  were  closed  up  two  days  before  the 
shot,  at  which  time  the  protective  covers  were  re- 
moved from  the  various  missile  traps.  At  the  same 
time,  the  protective  paper  covering  the  experimental 
side  of  the  dust  collector  trays  was  removed.  The 
structures  were  initially  re-entered  four  days  after 
the  shot,  at  which  time  the  slides  and  trays  were  re- 
moved and  returned  to  the  laboratory  for  analysis. 

E.4.1  Missile  Traps.  No  evidence  of  concrete 
fragments  (missiles)  were  found  in  the  missile  traps 
or  on  the  floors  of  the  various  structures.  There  wras 
one  insignificant  exception,  however.  Prior  to  the 
shot,  a small  hole  in  the  end  wall  of  Structure  3.1.C 
was  patched  with  grout.  The  wall  suffered  some  dam- 
age from  the  detonation  in  the  form  of  cracks,  one  of 
which  passed  through  (he  grout  pocket,  thus  shaking 
loose  some  grout  material.  The  cracked  loose  grout 
can  be  seen  in  Figure  3.31. 


E.4  2 Dust  Collectors.  At  the  time  of  Initial  re- 
covery,  the  lops  of  the  nvcroscoplc  slides  were  cov- 
ered with  transparent  scotch  tjpc  The  fallout  trays, 
after  being  pried  loose  from  the  floor.  were  placed 
face  to  face,  care  being  taken  to  oppose  the  control 
side  one  collector  to  the  control  side  of  the  other 
taken  from  the  same  shelter.  These  measures 
served  to  protect  each  of  the  dust  collectors  from 
contamination  after  removal  from  the  several  struc- 
tures- 

After  recovery,  the  two  opposing  sheets  of  the 
transparent  sticky  paper  were  stripped  from  the  fall- 
out trays.  Inspection  of  the  preparations  revealed 
the  following:  The  sticky  paper  from  all  of  the  shel- 
ters was  successful  In  trapping  debris,  particle  aUes 
varied  from  microscopic  particles  of  dust  to  discrete 
pieces  of  mortar,  wood,  and  smalt  aggregates  of  dirt 
None  of  the  material  on  the  slides  was  identified  as 
originating  from  the  interior  surface  of  the  arch.  The 
dust  particles  on  the  slides  matched  the  preshot  dust 
samples  taken  from  the  floor  of  the  structure 

E.5  CONCLUSIONS 

E.5.1  Missile  ilazards.  The  four  concrete  under- 
ground structures  were  free  from  concrete  missiles. 
No  interior  missile  hazard  existed  in  the  structures 
from  the  effects  of  a device  of  the  yield  tested  In  the 
Priscilla  event  beyend  a range  of  860  feet  from  ground 
zero. 

E.S.2  Dust  Hazard.  It  appears  that  no  dust  hazard 
was  present  in  any  of  the  structures. 
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Appendix  F 

RADIATION  EFFECTS  on  RECORDING  PAPER 

F.l  BACKGROUND 

This  study  was  made  to  determine  the  relative  re-  were  removed  between  D-Day  and  D ♦ 4.  All  of  !bt 

sistivity  to  fogging  of  various  recording  papers  and  recording  papers  were  men  developed  at  the  Water- 


film  when  exposed  to  nuclear  radiation.  In  past  opera- 
tions. various  laboratories  have  encountered  difflcultlei 
In  obtaining  readable  record  traces  on  photographic- 
type  recording  papers  exposed  to  radiation.  Two  meth- 
ods currently  employed  to  protect  records  from  radia- 
tion effects  are  by  using  a tape  recording  system,  or 
by  shielding  the  instrumentation  shelter  to  Isolate  the 
recording  system  from  radiation  effects. 

Film  fogging  produced  by  radiation  apparently  has 
two  sources:  direct  radiation  effects  and  indirect  ef- 
fects which  accrue  from  the  removal  of  records  through 
the  high  surface- radiation  field. 

F.2  PROCEDURE 

The  papers  and  film  available  at  the  Nevada  Tcrt 
Site  for  use  In  tbe  tests  were:  Kodak  1127,  Kodak 
Mlcroflle  Film  Emulslro  No.  1112,  Kodak  809.  Vlsl- 
corder.  and  Lino  Writ  3.  Each  paper  was  trace- 
exposed  by  conventional  means  with  the  exception  of  < 
the  Mlcroflle,  which  was  not  exposed.  Five-Inch 
squares  of  each  type  of  material  were  placed  la 
twenty-seven  lightproof,  waterproof  envelopes  under 
dark-room  conditions.  Envelopes,  numbered  1 to  15, 
were  used  In  an  experiment  having  a Co**  point 
source  operated  by  Evans  Signal  Laboratory.  The 
dosage  rates  varied  from  100  mr  to  1.000  r,  with  an 
accuracy  of  1 5 percent  of  tbe  lndicarftt  dosage. 

The  remaining  envelopes,  numbered  16  to  27,  con- 
tained films  that  were  placed  In  various  structures  to 
permit  a direct  effects  comparison  with  the  calibrated 
envelopes  numbered  1 to  15.  They  were  located  In 
areas  that  would  experience  a significant  variation  of 
total  radiation  dosage.  A film  badge  which  is  capable 
of  measuring  radiation  exposure  up  to  approximately 
1,000  r was  taped  to  each  envelope. 

After  the  shot,  tbe  ecvelopes  placed  In  the  fleid 


*By  1.  D.  Laarman,  Sp  3,  Project  3.1,  and  P.A. 
Shows,  both  from  the  U.S.  Army  Engineer  Waterways 
Experiment  Station,  Vicksburg,  Mississippi. 


ways  Experiment  Station  under  standard  dark-room 
n>.- hods  and  .n  accordance  with  toe  manufacturers' 
specifications. 

The  film  badges  used  tu  determine  the  field  radia- 
tion dosages  were  analyzed  by  the  Chemical  Warfare 
Laboratory.  Because  the  high  energy  radiation  ex- 
tended bey  cod  the  1.000  r range  of  the  film  badges  in 
some  of  the  field  posltic&,  radiation  exposure  above 
thit  level  is  simply  noted  as  being  greater  than  1.000 
r.  However,  In  two  stations.  F3.1  9014.01  (3.1.C)  and 
9014.02  (3.1.b).  radiation  values  exceeding  1,000  r 
were  recorded  by  Project  2.4  (see  Appendix  D)  and  are 
■bows  in  Tabl  A.l  under  envelope  Numbers  17  and  19. 
Tbe  dosage  estimates  have  a possible  variation  of  > 20 
percent.  . 

F.3  RESULTS  AND  CONCLUSIONS 

Table  F.l  presents  the  results  of  the  experiment. 
There  were  two  recording  papers  that  showed  definite 
capabilities  of  resisting  fogging  from  gamma  radiation. 
The  Vialcorder  paper  received  no  apparent  effect* 
from  values  of  gamma  radiation  up  to  15,000  r.  The 
Mlcroflle  film  fogged  out  at  some  value  greatet  than 
200  r but  lesa  than  10,000  r.  no  other  value*  between 
these  two  radiation  ranges  were  available.  Lino  Writ 
3 and  K 1127  showed  fogging  effects  in  tbs  range  of  50 
",  and  became  progreaalvely  darker  with  increased 
radiation  until  the  traces  on  the  records  were  no 
longer  discernible  at  approximately  150  r.  Clear 
traces  were  observed  for  the  K809  paper  up  to  30  r 
but  at  values  greater  than  SO  r,  the  paper  fogged  to 
the  extent  that  traces  were  no  longer  readable.  It  can 
be  concluded  that  tbe  Vialcorder  paper  would  require 
very  little  shielding  from  radlatioo  while  the  other  re- 
cording papers  would  require  considerable  shielding 
In  order  to  obtain  readable  records. 
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TABLS  f 1 XADUTOK  IfflCTt  0*  MCOADWO  PAPCB 


£RYelop* 

Number 

EqyyIgc* 

C^airttU 

Station 
Places*  at 

2HUfloo 

Donagn 

Line 

1 

L.  V.  1C.  X * 

Coatrt4 

0 r 

2 

L.  V.  X.  X' 

Control 

10«  mi 

3 

L.  V.  X.  X' 

Coocrol 

506  ar 

4 

L.  V.  X.  X' 

Courct 

1 r 

3 

L.  V.  K.  S' 

Control 

& r 

4 

L.  V,  S.  S' 

Control 

18  r 

7 

L.  V.  X.  X* 

Cootrr-i 

« 36  r 

• 

L,  V.  X.  X' 

Courd 

>M  r 

* 

L,  V.  K.  K' 

Control 

76  r 

16 

L.  V.  K.  S' 

Control 

108  r 

11 

L,  V.  K,  S' 

Control 

130  r 

12 

L.  V.  S.  S' 

Coetrol 

200  r 

M 

13 

L.  V.  S,  S' 

Coatrol 

300  r 

N 

14 

L.  V.  S.  K' 

Control 

300  r 

* 

IS 

L,  V.  K.  S' 

Control 

UOOO  r 

N 

16 

L.  V.  S.  K' . 

M 

r 3 1 9014  01 

200  r 

17 

L.  V.  K,  K' . 

14 

r 3 1 9014  01 

13.000  r 

N 

18 

L.  V.  a.  S'. 

M 

r 3 1 9014  02 

150  r 

19 

L.  V.  S.  S' . 

14 

f 3 1 9014  02 

10.000  r 

# 

20 

L,  V.  14 

f 3 1 90  1 4 03 

44  r 

21 

L.  V.  U 

7 3 1 9013 

14.3  r 

23 

L.  V.  M 

f 733 

« r 

23 

L.  V.  M 

f 733 

t r 

24 

L.  V.  X.  M 

r 7i3 

>1,060  r 

N 

23 

L.  V.  X.  U 

f m 

>1,000  r 

N 

26 

L,  V.  X.  H 

r t23 

1 r 

, 

27 

L.  V.  X,  M 

Control 

0 r 

EfUctn* 

VUfeorto r X 60* 
*V»  *> 


•A  Mo  fafflaCt  «ac«Utft  racor xim  ubtnUnblt 
B Sllfix  togclAf,  (Hr  record*  ofcUianbl* 

C MatilajB  fofjlac,  poor  wcorti  obUlatMo. 
M.O.  Dun  (ofgutf , mcortin  *X  ubtRinHi#. 
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Appendix  6 

SPECIFICATIONS  for  ARCH  STRUCTURES 


Appendix  G describes  in  detail  the  tethmial  .xpeiiliia- 
Uons  as  applied  to  the  structures  ic  Mini  in  Project  3.1. 
The  app.icable  drawings  referreo  to  in  the-  eeilica- 
tiona  are  shown  in  Figures  G.l.  G.J  and  G.3. 

G.l  EXCAVATION.  FILLING  AND 
BACXFILUNG 

The  work  covered  bv  this  section  ol  the  specifica- 
tions consists  in  furnishing  ail  plar.t,  labor.  equipment, 
appliances,  and  materials,  and  in  performing  all  opera 
tions  in  connection  with  the  excavation,  tilling,  and 
backfilling,  complete,  in  strict  accordance  with  this 
section  of  the  specifications  and  applicable  drawings, 
and  subject  to  the  terms  and  conditions  of  the  contract. 

G.l. I Applicable  Standard.  The  following  standard, 
of  the  issue  listed  below  but  referred  to  thereafter  b> 
baste  designation  only,  forms  a part  of  this  specifica- 
tion: 

American  Association  of  State  Highway  Officials 
Standard  Metnod.  T 99-49.  Standard  Laboratory 
Method  of  Test  lor  the  Compaction  and  Density  of  Soil. 

G.l .2  Excavation.  The  site  ndicateo  on  the  draw- 
lngs  shall  be  cleared  of  natural  "batr-ctmns  tnd  exist- 
ing foundations,  pavements,  utility  lines,  and  other 
Items  that  would  interfere  with  the  construction  opera- 
tions The  excavation  shall  conform  to  the  dimensions 
and  elevations  Indicated  on  the  drawings  for  the  struc- 
ture, except  as  specified  below,  and  .ol  work  Inciden- 
tal thereto.  Excavation  shall  extend  a minimum  of  10 
feet  horizontally  from  footings,  or  to  whatever  dis- 
tance Is  required  to  allow  for  placing  and  removal  of 
forms,  installation  of  services,  and  for  inspection, 
except  where  the  concrete  for  walls  and  footings  is 
authorized  to  be  deposited  directlj  against  excavated 
surfaces.  Undercutting  will  not  be  permitted.  Suit- 
able excavated  material  required  for  fill  under  slabs 
shall  be  separately  stockpiled  as  directed  by  the  Con- 
tracting Officer.  Excess  material  from  excavation, 
not  required  for  fill  or  backfill,  shall  be  wasted, 
lasted  material  shall  be  spread  and  leveled  or  graded 
as  directed  by  the  Contracting  Officer. 

0.1.3  Fill.  Where  coocrete  slabs  are  to  be  placed 
on  earth,  unsuitable  material,  as  determined  by  the 
Contracting  Officer,  shall  be  removed.  Fill,  where 
required  to  raise  the  subgrade  for  concrete  slabs 
to  the  elevations  indicated  on  the  drawings  shall  con- 


sist of  crushed  atom  . sand,  gravel,  earth.  >r  other 
material  approved  bv  the  C our  « ting  Officer.  Fill 
shall  be  compacted  in  a manner  approved  by  the  Con- 
tracting Officer,  and  the  subgrade  brought  to  a reason- 
ably true  and  even  plane.  Crushed  stone,  sand  or 
gravel  ased  for  fill  shall  be  placed  in  layers  not  more 
than  x inches  thick.  Earth  used  for  fill  shall  lie  placed 
in  laveis  not  more  than  * inches  thick.  Each  layer 
shall  he  uniforn.lv  spread. 

G.l  4 Backfilling.  Alter  completion  of  foundation 
toolings,  foundation  walls,  and  other  construction  be- 
low the  elevation  of  the  final  grades,  and  prior  to  back- 
filling. forms  shall  tie  removed  and  the  excavation 
shall  be  cleaned  ol  trash  and  debris.  Backfill  shall 
consist  of  the  excavation  or  borrow  of  sand,  gravel, 
or  other  materials  approved  by  the  Contracting  Office.', 
and  shall  be  free  ol  trash,  lumber,  or  other  debris. 

1 he  bacxfill  material  shall  conform  to  a moisture  coo  - 
!■  it  determined  by  laboratory  tests  and  compacted  to 
a specified  density.  These  valut  s will  be  furnished  to 
the  contractor  prior  to  the  field  operation.  Backfill 
shall  be  placed  in  horizontal  layers  not  more  than  H 
inches  thick.  Backfill  shall  be  brought  to  a suitable 
elevation  above  grade  to  provide  (or  anticipated  settle- 
ment and  shrinkage  thereof.  Backfill  shall  not  be 
placed  jgainst  the  slrw  ture  prior  to  7 days  alter  com- 
pletion and  then  only  after  approval  by  the  Contracting 
Officer.  Backfill  shall  he  brought  op  evenly  on  each 
side  of  the  structure  as  far  as  practicable.  In  no  case 
should  the  backfill  on  one  side  be  carr.  ,-d  more  than 
12  inches  higher  than  on  the  opposite  side.  Heavy 
equipment  for  spreading  and  compacting  backfill  shall 
not  be  operated  closer  than  6 feet  from  the  structure. 

G.2  SUPPLEMENTAL  BACKFILLING 
INSTRUCTIONS 

The  fc  .owing  supplemental  instructions  prepared 
by  Project  3.H  wore  Issued  to  the  contractor  to  assure 
proper  preparation  and  placement  ol  the  backfill 
material. 

0.2.1  General  Requirements  and  Conditions.  The 
soli  required  to  be  excavated  for  all  lnctallatlons  of 
Project  3.1  shall  be  stockpiled  and  used  for  backfilling 
the  excavations  around  and  over  the  completed  installa- 
tions to  the  specified  grade.  The  backfill  shall  be  com- 
pacted by  means  of  mechanical  tampers  (pneumatic  or 
power  operated)  to  100  percent  standard  AASHO  denolty 
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Figure  G.l  Continued 


at  a water  content  of  3 percent  of  the  optimum  water 
content  for  standard  AAbHO  density.  Sheepafoot  roll- 
ers will  not  be  used  for  compaction  of  any  backfill  for 
Project  3.1  installations. 

Soil  from  tbe  stockpiles  to  be  used  for  backfilling 
has  been  subjected  to  extensive  compaction  tests.  The 
test  results  show  relatively  wide  variations  in  the  com- 
paction characteristics  of  the  soil  in  individual  stock- 
piles. and  that  all  of  the  soli  is  8 to  15  percent  dry  of 
the  water  content  required  for  compaction.  As  a result, 
the  soil  in  individual  stockpiles  will  have  to  be  thor- 
oughly mixed  and  sufficient  water  will  have  to  be  added 
to  the  sell  to  increase  the  water  content  to  3 percent 
dry  of  optimum  before  it  Is  placed  and  compacted  as 
backfill.  Otherwise,  backfill  with  the  requ.red  strength 
characteristic  cannot  be  constructed. 

Equipment  and  procedures  not  covered  In  these 
instructions  may  be  used  if  considered  satisfactory 
by  the  Project  Officer.  Any  additional  detailed  in- 
structions, not  covered  by  directives  from  higher 
authority,  as  to  the  equipment  and  procedures  to  be 
used  in  backfilling  operations,  will  be  issued  to  the 
appropriate  contractor  supervisory  personnel  by  the 
Project  Officer. 

All  soil  sampling  and  testing  required  m connection 
with  backfilling  operations  will  be  performed  by  Proj- 
ect 3.8  personnel.  Results  of  completed  tests  may  be 
obtained  by  both  project  and  contractor  personnel 
from  the  Project  3.8  field  office  located  m the  french- 
man Fiat  area. 

Project  3.1  requires  the  backfilling  of  four  struc- 
tures which  are  identified  as: 

F -3. 1-9014. 01  (or  3.1.C) 

F -3. 1-9014. 02  (or  3.1.b) 

F-3. 1-9014.03  (or  3.1.a) 

F-3.1-9015  (or  3.1.n) 

The  backfill  may  start  on  any  one  of  the  four  struc- 
tures. Once  started,  the  backfilling  on  each  of  all 
four  structures  shall  be  a continuous  operation  without 
Intermittent  delays. 

There  shall  be  no  trash,  lumber,  debris,  or  un- 
controlled soil  contained  in  either  the  excavated  holes 
or  In  any  backfill  soil. 

The  final  grade  of  the  earth  fill  for  all  four  struc- 
tures shall  be  the  specified  natural  grade  elevation. 

The  final  grade  around  the  structure  entrance  shall  be 
flush  with  the  top  of  the  structure  entrance. 

If  floods  or  any  similar  act  of  God  should  be  ex- 
perienced before  the  backfilling  is  completed,  all  com- 
pacted and  stockpiled  backfill  soil  shall  be  protected 
from  damage  by  the  act. 

At  no  time  (1.  e. , during  backfill  mixing,  placement, 
or  compaction  operations)  shall  any  equipment  come 
In  contact  with  or  otherwise  endanger  the  soundness 
of  the  structures,  instruments,  instrument  cables,  or 
instrumentation  piping. 

At  no  time  shall  heavy  equipment  and/or  earth- 
moving  equipment  operate  closer  to  the  structure  than 
a vertical  plane  passing  within  6 feet  of  any  part  of 


the  foundation  base  of  tl.  ■ structure. 

The  basic  backfill  proceduies  are  to  be  identical 
for  all  four  structures  with  the  following  exceptions: 

(a)  Backfilling  on  Structure  3.1.n  must  cease  for  ap- 
proximately one  half  hour  to  allow  Project  3.1  person- 
nel to  make  required  instrumentation  measurements 
when  the  backfill  reaches  a height  of  6 feet  above  the 
top  of  the  footings,  and  again  when  tbe  backfill  is 
level  with  the  arch  crown,  and  (b)  Structures  3.1. a and 
3.1.b  have  additional  trench  excavations  with  8-inch- 
diameter  pipes  on  their  south  ends.  Backfilling  shall 
include  these  trenches,  with  special  precautions  taken 
to  protect  the  8-inch-diameter  pipes  they  conta'n. 

Special  precautions  must  also  be  taken  to  protect 
tbe  instrumentation  cables  coming  out  of  the  structures 
into  existing  irstrumentation  trenches  on  tbe  south  end 
of  all  four  structures.  Controlled  backfilling  of  tl.ese 
approximately  3- foot-deep  trenches  shall  extend  from 
the  structure  base  slab  for  15  feet 

After  compaction  is  finished  on  ail  four  structures, 
all  wa^te  soli  shall  be  removed  from  the  Project  3.1 
area,  and  disposed  of  in  a manner  which  shall  not  in- 
terfere with  any  other  project  test  area. 

The  completion  time  for  the  backfill  of  all  four 
structures  shall  be  no  later  than  30  May  1957. 

G.2.2  Backfill  Construction  Procedures. 

G. 2.2.1  Mixing  backfill  soil.  Individual 
stockpiles  of  backfill  soil  shall  be  thoroughly  mixed 
in  order  to  achieve  a uniform  soil  mixture  before  wa- 
ter is  added  to  the  soil.  The  required  mixing  shall  be 
accomplished  a minimum  of  24  hours,  and  preferably 
longer,  before  water  is  added  and  the  soil  stockpiled 
for  use  as  backfill. 

Mixing  of  small  stockpiles  to  be  used  for  backfill- 
ing Project  3.1  installation  shall  be  accomplished  by 
casting  the  entire  stockpile  with  a dragline  or  clam- 
shell from  its  present  location  to  a new  location,  then 
recasting  the  stockpile  to  another  location  convenient 
for  adding  water,  mixing,  and  placing  tbe  prepared 
soil  in  the  area  to  be  backfilled. 

G.2.2. 2 Adding  and  Mixing  Water  Into 
Backfill  Soil.  After  backfili  soil  has  been  thor- 
oughly mixed  it  shall  be  placed  In  windrows  of  con- 
venient size,  and  sufficient  water  shall  be  added  In 
Increments  and  mixed  into  the  soil  by  means  of  a pul- 
vimixer  and  motor  patrol  to  raise  tbe  water  content 
to  that  sp^  'ified  by  the  Project  Officer. 

Immediately  after  the  adding  and  mixing  of  water 
into  the  backfill  soil  has  been  completed,  the  soil  win- 
drow shall  be  stockpiled  at  a location  convenient  to 
the  excavation  to  be  backfilled.  Stockpiling  shall  be 
accomplished  by  means  of  a dragline,  clamshell,  or 
endloader.  Stockpiled  soil  to  which  water  has  been 
added  shall  be  protected  f-om  drying  by  covering  with 
tarpaulins,  or  sprinkling,  as  required  or  directed  by 
the  Project  Officer.  Also,  stockpiles  from  which  soil 
is  being  removed  and  placed  for  compaction  shall  be 
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maintained  in  a symmetrical  cone  shape,  ana  shall 
not  be  permitted  to  become  ragged,  as  this  would 
result  In  excess  evaporation  of  water. 

G. 2.2.3  Placement  of  Backfill  Soil  to  be 
Compacted.  All  loose  soli  and  debris  shall  be  re- 
moved from  excavations  to  be  backfilled  prior  to  the 
placement  of  the  first  lift  of  backfill  soil,  and  there- 
after as  required  or  directed  by  the  Project  Officer. 

The  exposed  surface  of  previously  compacted  back- 
fill and  the  face  of  th<-  oxr'.vatRa  up  to  the  top  oi  suc- 
cessive lifts  of  backfill  shall  be  sprinkled  lightly  with 
water  to  insure  bonding  of  the  backfill.  Ponding  of 
water  on  the  surface  of  compacted  lifts  will  not  be  per- 
mitted. Any  surfaces  of  previously  compacted  lifts 
that  appear  too  bard  or  glazed  to  insure  bonding  with 
the  next  lift  to  be  placed  shall  be  scarified  if  so  di- 
rected by  the  Project  Officer. 

All  soil  placed  as  backfill  shall  be  obtained  from 
previously  prepared  stockpiles.  The  placing  of  soil 
directly  from  windrows  into  areas  to  be  backfilled 
will  not  be  permitted. 

The  soil  will  be  placed  in  lifts  of  uniform  thickness 
sufficient  to  result  m compacted  lifts  of  4 Inches.  In 
order  to  insure  uniformity  of  lift  thickness  the  place- 
ment of  successive  lifts  of  loose  backfill  shall  be  con- 
trolled by  grade  stakes.  Starting  at  the  bottom  of  the 
excavation,  grade  stakes  for  placement  of  backfill  will 
be  set  at  successive  heights  of  4 inches  above  the  bot- 
tom. In  the  event  of  undercompaction,  or  overcom- 
paction, the  Project  Officer  may  order  changes  In  the 
thickness  of  the  lifts  to  be  placed  and  compacted. 

Loose  soil  that  is  permitted  to  become  too  wet,  or 
too  dry,  from  any  cause  whatsoever  after  it  has  been 
placed  for  compaction  shall  be  removed  and  replaced 
with  backfill  of  the  proper  water  content.  If  so  directed 
by  the  Project  Officer. 

The  backfill  shall  be  placed  in  alternate  layers 
from  both  sides  of  the  structures,  maintaining  as 
nearly  as  practicable  a uniform  height  of  backfill  at 
all  times.  In  no  case  shall  the  backfill  on  one  side 
be  carried  more  than  12  Inches  higher  than  on  the 
opposite  side  of  the  structure. 

Special  care  must  be  taken  when  backlilllng  and 
compacting  within  2 feet  of  all  Instrumentation  pres- 
sure gages  (total  22  for  all  structures)  mounted  on 
the  outside  surface  of  the  structures.  Project  3.1 
Project  Officer  will  give  explicit  on-the-job  Instruc- 
tions concerning  hand-tamping  over  and  around 
these  Instrumentation  pressure  cells  on  the  Project 
3.1  structures. 

G. 2.2.4  Compaction.  Compaction  by  mechan- 
ical tampers  shall  be  performed  In  a manner  that  will 
Insure  uniform  application  of  compaction  effort  to  the 
entire  surfare  of  each  lift  to  be  compacted.  At  the 
start  of  backfilling  and  compaction  operations  at  each 
Installation,  each  unit  of  surface  area  of  each  loose 
lift  equal  in  area  to  the  area  of  the  tamping  foot  of  the 
tampers  shall  be  compacted  by  25  blows  of  the  tamper. 
It  may  be  necessary  to  vary  the  compaction  effort 


from  time,  to  time  in  order  to  achieve  the  required 
density  In  the  backfill.  In  the  event  such  changes  are 
required,  the  Project  Officer  will  issue  Instructions 
as  to  the  compaction  effort  to  be  used. 

The  surface  of  all  compacted  lifts  shall  be  pro- 
tected so  as  to  prevent  undue  drying  out,  or  wetting 
from  rainfall  or  otherwise,  by  covering  with  tarpaur 
tins,  ui  sprinkling  as  required  or  directed  by  the 
Project  Officer. 

G.3  CONCRETE 

The  work  covered  by  this  section  of  the  specifica- 
tions consists  in  furnishing  alt  plant,  labor,  equip- 
ment, appliances,  and  materials,  and  in  performing 
all  operations  in  connection  with  the  installation  of 
concrete  work,  complete,  In  strict  accordance  wrtth 
this  section  rf  the  specifications  and  the  applicable 
drawings,  and  subject  to  the  terms  and  conditions  of 
the  contract.  Full  cooperation  shall  be  given  other 
trades  to  Install  embedded  items.  Suitable  templates 
or  Instructions,  or  both,  will  be  provided  for  setting 
items  not  placed  in  the  forms.  Embedded  items  shall 
have  been  Inspected,  and  tests  for  concrete  and  other 
material!.-  or  for  mechanical  operations  shall  have 
been  completed  and  approved,  before  concrete  is 
placed. 

G.3.1  Applicable  Specifications.  The  following 
specifications,  standards,  and  publications,  of  the 
l8sues  listed  below  but  referred  to  thereafter  by  basic 
designation  only,  form  a part  of  this  specification: 

a.  Federal  Specifications: 

P-O-361  (CRD-C  508)  Oil,  Floor;  Mineral. 

QQ-B-71a  (CRD-C  500)  Bars;  Reinforcement 
for  Concrete. 

SS-C-158C  (CRD-C  201)  Cements.  Hydraulic; 
General  Specifications. 

SS-A-281b  (CRD-C  131)  Aggregate;  for 
Portland-Cement  Concrete. 

SS-C-192b  (CRD-C  200)  Cements.  Portland. 

O-C-106a  (CRD-C  505)  Calcium  Chloride; 
Hydrated,  Technical  Grade. 

SS-C-197  (CRD-C  251)  Cement,  Portland 

SS-C-197  (CRD-C  251  y Cement,  Portland 
Blast  Furnace  Slag. 

b.  Corps  of  Engineers  Specifications: 

CRD-C-5-52  Slump  of  Portland  Cement  Con- 
crete. 

CRD-C-300-52  Pigmented  Membrane-Forming 
Compounds  for  Curing  Concrete. 

CRD-C-16  Method  of  Testing  for  Flexural 
Strength  of  Concrete. 

c.  American  Society  for  Testing  Materials 

Standards: 

A-305  (CRD-C  506)  Mlrimum  Requirements 
for  the  Deformation  of  Deformed  Steel  Bars 
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for  Concrete  Reinforcement. 

C-31  (CRD-C  11)  Making  and  Curing  Concrete 
Compression  and  Flexure  Test  Specimens  In 
the  Field. 

C-39  (CRD-C  14)  Compressive  Strong. h of 
Molded  Concrete  Cylinders. 

C-40  (CRD-C  121)  Organic  Imp  rlties  .n  Sands 
for  Concrete. 

C-42  (CRD-C  27)  Securing,  Pr—'s  *r.  > and 
Testing  Specimens  from  Har  ai  d ^ rncrete 
for  Compressive  and  Flexural  Jc  ugihs. 

C-94  (CRD-C  31)  Ready  Mixed  Concrete. 

C-192  (CRD-C  10)  Making  and  Curing  Concrete 
Compression  and  Flexure  Test  Specimens  in 
the  Laboratory. 

C-171  (CRD-C  310)  Paper,  Concrete-Curing. 

G.3.2  Materials. 

a.  A.  astves:  Abrasive  aggregate  shall  be  alumi- 
num oxid-  or  emery  graded  from  particles  retained  on 
a No.  SO  sieve  to  particles  passing  a No.  8 sieve. 

b.  Accelerating  agent  shall  be  calcium  chloride 
conforming  to  Federal  Specification  O-C-106  (CRD-C 
505). 

c.  Aggregate:  Both  coarse  and  fine  aggregate  shall 
conform  to  Federal  Specification  SS-A-281  (CRD-C 
131).  Coarse  aggregate  shall  be  well  graded  from  fine 
to  coarse,  within  prescribed  limits.  The  maximum 
size  shall  be  1 inch  fo*-  class  A concrete. 

d.  Cement:  Only  one  brand  of  each  type  of  cement 
shall  be  used  for  exposed  concrete  in  any  individual 
structure.  Cement  reclaimed  from  cleaning  bags  or 
leaking  containers  shall  not  be  used.  Cement  shall  be 
used  in  tbe  sequence  of  receipt  of  shipments,  unless 
otherwise  directed  by  the  Contracting  Officer. 

(1)  Portland  cement:  Federal  Specification 
SS-C-1S2  (CRD-C  200),  Type  1 or  Type  II  (Type  I-A  or 
Type  D-A). 

(2)  HIgh-early-atrength  Portland  cement:  Fed- 
eral Specification  SS-C-192,  Type  111  ) Type  I1I-A). 

(3)  Portland  blast-furnace  slag  cement:  Federal 
Specification  SS-C-197  (CRD-C  251). 

e.  Curing  materials: 

(1)  Waterproof  paper:  ASTM  Designation  CRD-C 

310. 

(2)  Mats:  Commercial  quality  of  type  used  for 

the  purpose. 

(3)  Burlap:  Commercial  quality. 

(4)  Membrane  curing  compounds:  Corps  of 

Engineers  Specification  CRD-C  300. 

f.  Forms  shall  be  of  wood,  metal,  or  other  approved 
material  and  shall  conform  to  the  following  require- 
ments: 

(1)  Wood  forms:  No.  2 Common  or  better 

lumber. 

(2)  Plywood:  Commercial-Standard  Douglas  fir, 
moisture-resistant,  concrete-form  plywood,  not  less 
than  5-ply  and  at  least  ’/ij-lnch  thick. 

(3)  Metal  Forms  of  approved  type  that  will  pro- 
duce surfaces  equal  to  those  specified  for  wood  forms. 


(4)  Form  oil:  Fedwal  Specification  P-O-361 
(CRD-C  508). 

(5)  Form  ties  •shall  be  of  approved  design,  fixed 
or  adjustable  in  length,  free  of  devices  which  will 
leave  a hole  larger  than  inch  in  diameter  in  surface 
of  concrete. 

g.  Reinforcement: 

(1)  Bars:  Federal  Specification  QQ-B-71  (CRD- 
C 500),  type  B,  grade  2,  intermediate  billet.  Deforma' 
tions  shall  conform  to  ASTM  Standard  A-305  (CRD-C 
506). 

(2)  Mil!  reports:  Certified  copies  of  mill  reports 
shall  accompany  deliveries  of  reinforcing  steel. 

h.  Water  shall  be  clean,  fresh,  and  free  from  in- 
jurious amounts  of  mineral  and  organic  substances. 

G.3.3  Admixtures.  Admixtures  shall  be  used  only 
on  written  approval  of  the  Contracting  Officer.  Tests 
of  admixtures  will  be  made  by  the  Government  in  ac- 
cordance with  applicable  Federal  or  ASTM  specifica- 
tions or  as  otherwise  prescribed. 

G.3.4  Samples  and  Testing.  Testing  of  the  aggre- 
gate and  reinforcement  shall  be  the  responsibility  of 
the  contractor.  The  testing  agency  shall  be  approved. 
Testing  of  end  items  is  the  responsibility  of  the  Gov- 
ernment. Samples  of  concrete  for  strength  tests  and 
end  items  shall  be  provided  and  stored  by  the  contrac- 
tor when  and  as  directed. 

a.  Cement  shall  be  tested  as  prescribed  in  tbe  ap- 
plicable references  specification  under  which  it  is 
furnished.  Cement  may  be  accepted  on  the  basis  of 
mill  tests  and  tbe  manufacturer's  certification  of  com- 
pliance with  the  specifications,  provided  the  cement 
is  the  product  of  a mill  with  a record  of  production  of 
high-quality  cement  for  the  past  3 years.  Certificates 
of  compliance  shall  be  furnished  by  the  contractor,  for 
each  mill  lot  of  cement  furnished  from  different  mills 
In  mixed  shipment  and  for  each  separate  shipment 
from  the  same  mill,  prior  to  use  of  the  cement  in  the 
work.  This  requirement  Is  applicable  to  cement  for 
Job-mixed,  ready-mixed,  or  transit-mixed  concrete. 
Cement  proposed  for  use  where  no  certificate  of  com- 
pliance is  furnished  or  where,  In  the  opinion  of  the 
Contracting  Officer,  the  cement  furnished  under  certif- 
icate of  compliance  may  have  become  damaged  in  trans- 
it, or  deteriorcted  because  of  age  or  improper  storage, 
will  be  sampled  at  the  mixing  site  by  representatives 
of  the  Government  and  tested  for  conformance  to  the 
specification  at  no  expense  to  the  contractor.  Access 
to  the  cement  and  facilities  for  sampling  shall  be 
readily  afforded  the  Government’s  agent.  Cement 
being  tested  shall  not  be  used  In  the  work  prior  to  re- 
ceipt by  the  contractor  of  written  notification  from  the 
Contracting  Officer  that  tbe  cement  has  satisfactorily 
passed  the  7-day  tests.  Cement,  for  job-mixed  con- 
crete, failing  to  meet  test  requirements  shall  be  re- 
moved from  the  site.  Cement  at  batching  plants  for 
ready-mixed  and  transit-mixed  concrete  failing  to 
meet  test  requirements  shall  not  be  used  in  Govern- 
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ment  work. 

b.  Aggregate  shall  be  tested  as  prescribed  In 
Federal  Specification  SS-A-281b  (CRD-C  131).  In 
addition,  fine  aggregate  shall  be  tested  for  organic 
impurities  in  conformance  with  ASTM  Standard  C-40 
(CRD-C  121). 

c.  Reinforcement:  Reinforcing  bars  shall  be 
tested  as  prescribed  in  Federal  Specification  QQ-B- 
71  (CRD-C  500).  Ten  sample  reinforcing  bars  of  18- 
inch  length  shall  be  taken  from  the  structure  for  each 
of  the  following  size  groups:  No.  5 or  less.  No.  5 to 
No.  8,  and  over  No.  8.  The  ten  samples  shall  be  se- 
lected so  as  to  represent  a specimen  from  the  wall 
reinforcement,  the  floor-slab  reinforcement,  and  the 
arch  reinforcement.  Each  sample  shall  be  securely 
tagged  so  as  to  identify  the  source  of  the  sample  with 
respect  to  die  structure  and  shall  be  forwarded  to  the 
testing  iaboruory,  as  directed  by  the  Contracting 
Officer. 

d.  Concrete:  The  contractor  shall  provide  for 
test  purposes  30  compression  test  cylinders  per  struc- 
ture and  10  beam  specimens  per  structure  taken  dur- 
ing the  pours.  These  samples  shall  be  taken  from 
pours  designated  by  the  Contracting  Officer.  Test 
specimens  shall  be  made  and  cured  in  accordance 
with  ASTM  Standard  C-31  (CRD-C  11).  Specimens 
shall  be  cured  under  laboratory  conditions  except 

that  the  Contracting  Officer  may  require  curing  under 
field  conditions  when  he  considers  that  there  is  a pos- 
sibility of  the  air  temperature  falling  below  40*  F. 
Cylinders  shall  be  tested  in  accordance  with  ASTM 
Standard  C-39.  Beams  shall  be  tested  in  accordance 
with  Corps  of  Engineers  Specifications  (CRD-C- 16). 
The  standard  age  of  teat  for  determining  concrete 
strength  shall  be  28  days,  but  7-day  tests  may  be 
used  with  the  permission  of  the  Contracting  Officer, 
provided  that  the  relation  between  the  7-day  and  28- 
day  .trength  of  the  concrete  is  established  by  tests 
for  the  materials  and  properties  used.  Some  speci- 
mens will  be  tested  at  an  age  designated  by  the  Con- 
tracting Officer.  If  the  average  of  the  strength  tests 
of  the  laboratory  control  specimens  for  any  portion  of 
the  work  falls  below  the  minimum  allowable  compres- 
sive or  flexural  strength  at  28  days  required  for  the 
ciass  of  concrete  used  in  that  portion,  the  Contracting 
Officer  shall  have  the  right  to  order  a change  in  the 
proportions  or  the  water  content  of  the  concrete,  or 
both,  for  the  remaining  portions  of  the  work  at  the 
contractor's  expense.  If  the  average  strength  of  the 
specimens  cured  on  the  job  falls  below  the  minimum 
allowable  strength,  the  Contracting  Officer  may  re- 
quire changes  in  the  conditions  of  temperature  and 
moisture  necessary  to  secure  the  required  strength. 
Where  there  is  question  as  to  the  quality  of  the  con- 
crete in  the  structure,  the  Contracting  Officer  may 
require  tests  in  accordance  with  ASTM  Standard  C-42. 
In  the  event  that  tests  indicate  that  concrete  placed 
does  not  conform  to  the  drawings  and  these  specifica- 
tions, measures  prescribed  by  the  Contracting  Officer 
shall  be  taken  to  correct  the  deficiency  at  no  additional 


expense  to  the  Government. 

G.3.5  Storage.  Storage  accommodations  shall  be 
subject  to  approval  of  the  Contracting  Officer  and 
shall  afford  easy  access  for  inspection  and  identifica- 
tion of  each  shipment  in  accordance  with  test  reports. 

a.  Cement:  Immediately  upon  receipt  at  site  of 
work,  cement  shall  be  stored  in  a dry,  weathertight, 
properly  ventilated  structure,  with  adequate  provision 
for  prevention  of  absorption  of  moisture. 

b.  Aggregate:  Storage  piles  of  aggregate  shall 
afford  good  drainage,  preclude  inclusion  of  foreign 
matter,  and  preserve  the  gradation.  Sufficient  live 
storage  shall  be  maintained  to  permit  segregation  of 
successive  shipments,  placement  of  concrete  at  re- 
quired rate,  and  such  procedures  as  heating,  inspec- 
tion, and  testing. 

G.3.6  Forms.  Forms,  complete  with  centering, 
cores,  and  molds,  shall  be  constructed  to  conform  to 
shape,  form,  line,  and  grade  required,  and  shall  be 
maintained  sufficiently  rigid  to  prevent  deformation 
under  load. 

a.  Design:  Joints  shall  be  leakproof  and  shall  be 
arranged  vertically  or  horizontally  to  conform  to  the 
pattern  of  the  design.  Forms  placed  on  successive 
units  for  continuous  surfaces  shall  be  fitted  to  accu- 
rate alignment  to  assure  a smooth  completed  surface 
free  from  irregularities.  If  adequate  foundation  for 
snores  cannot  be  secured,  trussed  supports  shall  be 
provided.  Temporary  openings  shall  be  arranged  in 
wall  forms  and  where  otherwise  required,  to  facilitate 
cleaning  and  inspection.  Lumber  once  used  in  forms 
shall  have  nails  withdrawn  and  surfaces  to  be  exposed 
to  concrete  carefully  cleaned  before  re-use.  Forms 
shall  be  readily  removable  without  hammering  or  pry- 
ing against  the  concrete. 

b.  Form  ties  shall  be  of  suitable  design  and  ade- 
quate strength  for  the  purpose.  Bolts  and  rods  which 
are  to  be  completely  withdrawn  shall  be  coated  with 
grease. 

c.  Joints:  Corners  and  other  exposed  joints  in 
more  than  one  plane,  unless  otherwise  indicated  on 
the  drawings  or  directed  by  the  Contracting  Officer, 
shall  be  beveled,  rounded,  or  chamfered  by  moldings 
placed  in  the  forms. 

d.  Coating:  Forms  for  exposed  surfaces  shall  be 
coated  with  oil  before  reinforcement  is  placed.  Sur- 
plus oil  on  form  surfaces  and  any  oil  on  reinforcing 
steel  shall  be  removed.  Forms  for  surfaces  not  ex- 
posed to  view  may  be  thoroughly  wet  with  water  in 
lieu  of  oiling  immediately  before  placing  of  concrete, 
except  that  in  cold  weather  with  probable  freezing 
temperatures,  oiling  shall  be  mandatory. 

e.  Removal:  Forms  shall  be  removed  only  with 
approval  of  the  Contracting  Officer  and  In  a manner 
to  Insure  complete  safety  of  the  structure.  Support- 
ing forms  or  shoring  shall  not  be  removed  until  mem- 
bers have  acquired  sufficient  strength  to  support  safe- 
ly their  weight  and  any  construction  loads  to  which 
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Figure  0.3  Removal  device  (or  (lsaloa  detector. 


they  may  be  subjected,  but  In  no  case  shall  they  be 
removed  in  less  than  6 days,  nor  shall  forms  used 
for  curing  be  removed  before  expiration  of  curing 
period  except  as  provided  hereinafter  under  Section 
G.3  19,  Curing.  Care  shall  be  taken  to  avoid  spuliing 
the  concrete  surface. 

Results  of  suitable  control  tests  will  be  used  as 
evidence  that  concrete  has  attained  sufficient  strength 
to  permit  removal  of  supporting  forms.  Cylinders 
required  for  control  tests  shall  be  provided  in  addi- 
tion to  those  otherwise  required  by  this  specification. 
Test  specimens  shall  be  removed  from  molds  at  end 
of  24  hours  and  stored  in  the  structure  as  near  points 
of  sampling  as  possible,  shall  receive  Insofar  as  prac- 
ticable the  same  protection  from  the  elements  during 
curing  as  is  given  those  portions  of  the  structure 
which  they  represent,  and  shall  not  be  removed  from 
the  structures  for  transmittal  to  the  laboratory  prior 
to  expiration  of  three  fourths  of  the  proposed  period 
before  removal  of  forms.  In  general,  supporting 
forms  or  shoring  shall  not  be  removed  until  strength 
of  control-test  specimens  has  attained  a value  of  at 
least  2.000  pounds.  Care  must  be  exercised  to  assure 
that  the  newly  unsupported  portions  of  the  structure 
are  not  subjected  to  heavy  construction  or  material 
Ioadiog. 

Tie-rod  clamps  to  be  entirely  removed  from  the 
wall  shall  be  loosened  24  hours  after  concrete  is 
placed,  and  form  ties,  except  for  a sufficient  number 
to  hold  forms  in  place,  may  be  removed  at  that  time. 
Ties  wholly  withdrawn  from  wail  shall  be  pulled 
toward  Inside  face. 

Holes  left  by  bolts  or  tie  rods  shall  be  filled  solid 
with  cement  mortar.  Holes  passing  entirely  through 
wall  shall  be  filled  from  Inside  face  with  a device  that 
will  force  the  mortar  through  to  outside  face,  using  a 
stop  held  at  the  outside  wall  surface  to  insure  complete 
filling.  Holes  which  do  not  pass  entirely  through  walls 
shall  be  packed  full.  Excess  mortar  at  face  of  filled 
holes  shall  be  struck  off  flush. 

G.3.7  Reinforcing  Steel.  Reinforcing  steel,  fabri- 
cated to  shapes  and  dimensions  shown,  shall  be  placed 
where  indicated  on  drawings  or  required  to  carry  out 
Intent  of  drawings  and  specifications.  Any  changes 
shall  be  approved  by  the  Contracting  Officer  and  noted 
on  the  plans.  Before  being  placed,  reinforcement 
shall  be  thoroughly  cleaned  of  rust,  mill  scale,  or 
coating,  including  ice,  that  would  reduce  or  destroy 
the  bond.  Reinforcement  reduced  in  section  shall  not 
be  used.  Following  any  substantial  delay  in  the  work 
previously  placed  reinforcement  left  for  future  bond- 
ing shall  be  Inspected  and  cleaned.  Reinforcement 
shall  not  be  bent  or  straightened  in  a manner  injurious 
to  the  material.  Bars  with  kinks  or  bends  not  shown 
on  drawings  shall  not  be  placed.  The  heating  of  rein- 
forcement for  bending  or  straightening  will  be  per- 
mitted only  If  entire  operation  is  approved  by  the  Con- 
tracting Officer.  In  slabs,  beams,  and  girders,  re- 
inforcement shall  be  spliced  only  as  shown  on  drawings 


except  as  approved  by  the  Contracting  Officer.  At  all 
points  where  bars  lop  or  splice,  including  distribution 
reinforcement,  a minimum  lap  of  30  bar  diameters 
shall  be  provided,  unless  otherwise  noted. 

a.  Design:  Reinforcing  details  shown  on  the  draw- 
ings shall  govern  the  furnishing,  fabrication,  and 
placing  of  reinforcing  steel.  Except  as  otherwise 
shown  on  the  dr  ngs,  or  specified,  construction 
shall  conform  to  :.e  following  requirements: 

(1)  Conci.  :e  covering  over  steel  reinforcement 
shall  be  not  less  than  the  following  thickness: 

Footings  or  other  principal  structural  mem- 
bers in  which  concrete  is  deposited  against  the  ground 
— 3 inches  between  steel  and  ground. 

Where  concrete  surfaces,  after  removal  of 
forms,  are  exposed  to  weather  or  ground — 2 inches. 

Where  surfaces  are  not  directly  exposed  to 
weather  or  ground — 1 Inch. 

(2)  Steel  in  walls  shall  be  as  shown  on  the  draw- 
ings. Splices  shall  be  as  shown,  or  shall  be  furnished 
for  the  approval  of  the  Contracting  Officer. 

(3)  Shop  drawings:  Shop  detail  and  placing  draw- 
ings for  all  reinforcing  steel  shall  be  furnished  for  ap- 
proval of  the  Contracting  Officer. 

b.  Supports:  Reinforcement  shal'  La  accurately 
placed  and  securely  tied  at  all  intersect  ons  and  splices 
with  18-gage  black  annealed  wire,  and  snail  be  se- 
curely held  in  position  during  the  placing  of  concrete 
by  spacers,  chairs,  or  other  approved  supports.  Wire 
tie-ends  shall  point  away  from  the  form.  Unless 
otherwise  Indicated  on  the  drawings,  or  specitied,  the 
number,  type,  and  spacing  of  supports  shall  contorm 

to  the  ACI  Detailing  Manual  (ACI  315).  For  slabs  on 
grade  (over  earth  or  over  drainage  fill)  and  for  foot- 
ing reinforcement,  bars  shall  be  supported  on  precast 
concrete  blocks,  spaced  at  intervals  required  by  size 
of  reinforcement  used,  to  keep  reinforcement  the 
minimum  height  specified  above  the  underside  of  slab 
or  footing. 

G.3.8  Class  of  Concrete  and  Usage.  Concrete 
shall  be  one  class  and  shall  be  proportioned  to  provide 
a compressive  strength  at  28  days  of  3,000  psi. 

G.3. 9 Proportioning  of  Concrete  Mixes,  Concrete 
shall  be  proportioned  by  weight! 

a.  Measurements:  A one-cub.c-foot  bag  of  port- 
land  cement  will  be  considered  as  94  pounds  in  weight. 
One  gallon  of  water  will  be  considered  as  8.33  pounds. 
Coarse  aggregate  shall  be  used  in  the  greatest  amount 
consistent  with  required  workability,  and  shall  be  of 
the  largest  size  suitable  for  the  work  and  economically 
available. 

b.  Corrective  additions  to  remedy  deficiencies  in 
aggregate  gradations  shall  be  used  only  with  the  writ- 
ten approval  of  the  Contracting  Officer.  When  such 
additions  are  permitted,  the  material  shall  be  meas- 
ured separately  for  each  batch  of  concrete. 

c.  Control:  The  strength  qualify  of  tbe  concret. 
proposed  for  use  shall  be  established  by  tests  made 
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In  advance  of  the  beginning  of  operations,  using  the 
consistencies  suitable  for  the  work.  Trial  design 
batches  and  testing  shall  be  the  responsibility  of  the 
contractor.  Specimens  shall  be  made  and  cured  in 
accordance  with  ASTM  Standard  C-i92  (CRD-C  10) 
and  testa  la  accordance  with  ASTJi  Standard  C-39 
(CHD-C  14).  A curve  representing  the  relation  be- 
tween the  water  content  and  the  average  28-day  com- 
pressive strength,  or  earlier  strength  at  which  the 
concrete  is  to  receive  its  full  working  load,  shall  be 
established  for  the  compressive  strength  called  for 
on  the  plans.  The  curve  shall  be  established  by  at 
least  three  points,  each  point  representing  average 
values  from  at  least  four  test  specimens.  The  maxi- 
mum allowable  water  content  for  the  concrete  for  the 
structure  shall  be  as  determined  from  this  curve  and 
shall  correspond  to  a strength  IS  percent  greater 
than  indicated  on  the  plans.  The  final  proportions  of 
the  mix  shall  be  determined  by  the  Contracting  Officer 
from  the  results  of  the  trial  mixes.  The  proportions 
so  determined  shall  be  adhered  to  unless  otherwise 
directed  by  the  Contracting  Officer. 

In  the  field,  consistency  shall  be  determined  in  ac- 
cordance with  CRD-C  5.  The  slump  shall  fall  etween 
2 and  4 inches  provided  the  required  strength  is  ob- 
tained. The  slump  for  nonvibrated  concrete  when  ap- 
proved by  the  Contracting  Officer  shall  be  from  3 to 
6 inches.  Should  the  specified  strength  not  be  obtained, 
the  contractor  will  be  required  to  vary  the  mixture  suf- 
ficiently to  meet  the  requirements  but  the  maximum 
allowable  water  cont<  nt  specified  shall  not  be  exceeded. 


G.3.10  Job-mixed  Concrete,  Batching  and  Mixing. 
Concrete  shall  be  mixed  by  a mechanical  batch-type 
mixing  plant  provided  with  adequate  facilities  for  ac- 
curate measurement  and  control  of  each  material  en- 
tering the  mixer  and  for  changing  the  proportions  to 
conform  to  varying  conditions  of  the  work.  The  mixing- 
plant  assembly  shall  permit  ready  inspection  of  opera- 
tions at  all  times.  The  plant  and  its  location  shall  be 
subject  to  approval  by  the  Contracting  Officer. 

a.  Batching  units  shall  be  supplied  with  the  follow- 
ing items: 

(1)  Weighing  unit  shall  be  provided  for  each  type 
of  material  to  Indicate  the  scale  load  at  convenient 
stages  of  the  weighing  operations.  Weighing  units 
shall  be  checked  at  times  directed  by  and  in  the  pre- 
sence of  the  Contracting  Officer,  and  required  adjust- 
ments shall  be  made  before  further  use. 

(2)  Water  mechanism  shall  be  tight,  with  the 
valves  interlocked  so  that  the  discharge  valves  cannot 
be  opened  before  the  filling  valve  Is  fully  closed,  and 
shall  be  fitted  with  a graduated  gage. 

(3)  Discharge  gate  shall  control  the  mix  to  pro- 
duce a ribboning  and  mixing  of  cement  with  aggregate. 
Delivery  of  materials  from  the  batching  equipment  to 
the  mixer  shall  be  accurate  within  the  following  limits: 


Material 

Percentage 
by  Weight 

Material 

Percentage 
by  Weight 

Cement 

il 

Fine 

aggregate 

12 

Water 

1 1 

Coarae 

aggregate 

±2 

b.  Mixing  unit: 

(1)  Operation:  Mixers  shall  not  be  charged  in 

excess  of  rated  capacity  nor  be  oper\t<-<  s of 

rated  speed.  Excessive  mixing,  requu  „ -tlion  of 
water  to  preserve  required  consistency,  will  not  be 
permitted.  The  entire  batch  shall  be  discharged  be- 
fore recharging. 

(2)  Mixing  time  shall  be  measured  from  the  in- 
stant water  is  Introduced  Into  the  drum  containing  all 
solids.  All  mixing  water  shall  be  Introduced  before 
one  fourth  of  the  mixing  time  has  elapsed.  Mixing 
time  for  mixers  of  1 yd*  or  less  shall  be  1%  minutes; 
for  mixers  iai>er  than  1 yd’,  mixing  time  shall  be 
increased  IS  seconds  for  each  additional  half  cubic 
yard  or  fraction  thereof. 

(3)  Discharge  lock:  Unless  waived  by  the  Con- 
tracting Officer,  a device  to  lock  the  discharge  mech- 
anism until  the  required  mixing  time  has  elapsed  shall 
be  provided  on  each  mixer. 

G.3.11  Ready-mixed  Concrete.  Re-4)  -mixed  con- 
crete may  be  used,  unless  disapproved  by  the  Contract- 
ing Officer.  Except  for  materials  bere'n  specified, 
ready-mixed  concrete  shall  conform  to  ASTM  Stands n. 
C 94  (CRD-C  31). 

G.3.12  Construction  Joints.  Concrete  shall  be 
placed  continuously  so  that  the  unit  of  operation  will 
be  moDollthu*  In  construction.  At  least  48  hours  shall 
elapse  between  the  casting  of  ad.olnlng  units,  unless 
this  requirement  Is  waived  by  the  Contracting  Officer. 
Lifts  shall  terminate  at  such  le’  els  as  are  indicated 
on  the  drawings,  or  as  conform  to  structural  require- 
ments, or  as  directed  by  the  Contracts  Officer. 

Special  provision  shall  be  made  for  jointing  success- 
ive pours  as  detailed  on  drawings  or  required  by  tbe 
Contracting  Officer. 

G.3.13  Preparation  for  Placing.  Water  shall  be 
removed  from  excavation  before  concrete  is  deposited. 
Any  flow  of  water  shall  be  diverted  through  proper  side 
drains  and  shall  be  removed  without  washing  over 
freshly  deposited  concrete.  Hardened  concrete,  de- 
bris, and  foreign  materials  shall  be  removed  from  in- 
terior of  forms  and  from  Inner  surfaces  of  mixing  and 
conveying  equipment.  Reinforcement  shall  be  secured 
in  position,  inspected,  and  approved  by  the  Contract- 
ing Officer  before  pouring  of  concrete.  Runways  shall 
be  provided  for  wheeled  concrete-handling  equipment; 
such  equipment  shall  not  be  wheeled  over  reinforce- 
ment nor  shall  runways  be  supported  on  reinforcement. 

G.3.14  Placing  Concrete.  The  use  of  belt  convey- 
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ora,  chutes,  or  other  similar  equipment  will  not  be 
permitted  without  written  approval  by  the  Contracting 
Officer.  Concrete  shall  be  handled  from  mixer  or 
transport  vehicle  to  piace  of  final  deposit  in  a con- 
tinuous manner,  as  rapidly  as  practicable,  and  without 
segregation  or  loss  o(  ingi  edlents  until  the  approved 
unit  of  operation  is  completed.  Concrete  that  has  at- 
tained Its  Initial  set  or  has  contained  Its  mixing  water 
for  more  than  45  minutes  shall  not  be  placed  in  the 
work.  Placing  will  not  be  permitted  when,  in  the  opin- 
ton  of  the  Contracting  Officer,  the  sun,  heat,  wind,  or 
limitations  of  facilities  furnished  by  the  contractor 
prevent  proper  finishing  and  curing  of  the  concrete. 
Forms  or  reinforcement  shall  not  be  splashed  with 
concrete  in  advance  of  pouring.  Concrete  shall  be 
olaced  In  the  forms  as  nearly  as  practicable  In  final 
position.  Immediately  after  placing,  concrete  shall 
be  compacted  by  thoroughly  agitating  in  an  approved 
manner.  Tapping  or  other  external  vibration  of  forms 
will  not  be  permitted.  Concrete  shall  not  be  placed 
on  concrete  sufficiently  hard  to  cause  formation  of 
seams  and  planes  of  weakness  within  the  section.  Con- 
crete shall  not  be  allowed  to  drop  freely  more  than  5 
feet  In  unexposed  work  nor  more  than  3 feet  in  exposed 
work;  where  greater  drops  are  required,  a tremle  or 
other  approved  means  shall  be  employed.  The  dis- 
charge of  the  tremies  shall  be  controlled  so  that  the 
concrete  may  be  effectively  compacted  Into  horizontal 
layers  not  more  than  12  Inches  thick,  and  the  spacing 
of  the  tremies  shall  be  such  that  segregation  does  not 
occur. 

a.  Placing  temperature  during  cold  weather:  Con- 
crete shall  not  be  placed  when  the  ambient  tempera- 
ture Is  below  35*  F nor  when  the  concrete  without  spe- 
cial protection  is  likely  to  be  subjected  to  freezing 
temperature  before  final  set  has  occurred.  The  tem- 
perature of  the  concrete  when  placed  shall  be  not  less 
than  40*  F nor  more  than  60  * F.  Heating  of  the  mix- 
ing water  and/or  aggregates  will  not  be  permitted  until 
the  temperature  of  the  concrete  has  decreased  to  45*  F. 
Heated  materials  shall  be  free  from  Ice,  snow,  and 
frozen  lumps  before  ent»:  mg  the  mixer.  Methods  and 
equipment  for  heating  ahull  be  subject  to  approval  by 
the  Contracting  Officer.  5 ul table  means  shall  also  be 
provided  for  maintaining  the  concrete  at  a temperature 
of  at  least  40  *F  for  not  leas  than  72  hours  after  plac- 
ing. Salt,  chemicals,  or  other  foreign  materials  shall 
not  be  mixed  with  the  concrete  to  prevent  freezing. 

Any  concrete  damaged  by  freezing  shall  be  removed 
and  replaced  at  the  expense  of  the  contractor. 

b.  Earth-foundation  placement:  Concrete  footings 
shall  be  placed  upon  'uidlsturbed  clean  surfaces,  free 
from  frost,  Ice,  mud,  and  water.  When  the  founda- 
tion is  on  dry  soli  pervious  material,  waterproof 
sheathing  paper  shall  be  laid  over  earth  surfaces  to 
receive  concrete. 

c.  Chute  placement:  When,  upon  written  approval 
of  the  Contracting  Officer,  concrete  Is  conveyed  by 
chute,  there  shall  be  a continuous  flow  of  concrete. 

The  chute  shall  be  of  metal  or  metal-lined  wood,  with 


sections  set  at  approximately  the  same  slope,  namely, 
not  less  than  1 vertical  lu  3 horizontal  nor  more  than 
1 vertical  to  2 horizontal.  The  discharge  end  of  the 
chute  snail  be  provided  with  a baffle  plate  to  prevent 
segregation.  If  tbe  height  of  the  discharge  end  of 
chute  Is  more  than  3 times  tbe  thickness  of  layer  be- 
ing deposited,  but  not  more  than  5 (eet  above  surtace 
of  concrete  in  forms,  a spout  shall  be  used,  and  the 
lower  end  maintained  aa  near  surface  of  deposit  as 
practicable.  When  pouring  Is  Intermittent,  tbe  chute 
shall  discharge  into  a hopper.  The  chute  shall  be 
thoroughly  cleaned  before  and  after  each  run.  Waste 
material  and  flushing  water  ahall  be  discharged  out- 
side the  forms. 

d.  Pump  placement:  Where  concrete  Is  conveyed 
and  placed  by  pumping,  tbe  plant  and  equipment  shall 
be  approved  by  tbe  Contracting  Officer.  Operation  of 
pump  shall  be  such  that  a continuous  stream  of  con- 
crete without  air  po.kets  is  produced.  When  pumping 
is  completed,  concrete  to  be  used  remaining  in  pipe- 
line shall  be  ejected  without  contamination  of  concrete 
or  separation  of  ingredients.  After  each  operation, 
equipment  shall  be  thoroughly  cleaned,  and  debris 
and  flushing  water  shall  be  washed  outside  forms. 

G.3.15  Compaction.  Concrete  shall  be  placed  In 
layers  not  over  12  inches  deep.  Each  layer  shall  be 
compacted  by  mechanical  internal-vibrating  equip- 
ment supplemented  by  band  spading,  roddlng,  and 
tamping  as  directed  by  tbe  Contracting  Officer.  Vi- 
brators shall  in  no  case  be  used  to  transport  concrete 
Inside  forms,  ''se  of  form  vibrators  will  not  be  per- 
mitted. Internal  vibrators  shall  maintain  a speed  of 
not  less  than  6,000  Impulses  per  minute  when  sub- 
merged in  tbe  concrete.  Duration  of  vibration  shall 
be  limited  to  time  necessary  to  produce  satisfactory 
consolidation  without  causing  objectionable  segregation 
and  shall  be  at  least  20  seconds  psf  of  exposed  surface. 
The  vibrator  shall  not  be  tnserted  into  lower  courses 
that  have  begun  to  set.  Vibrators  shall  be  applied  at 
uniformly  spaced  points  not  farther  apart  than  the 
visible  effectiveness  of  tbe  machine. 

G.3.16  Bonding  and  Grouting.  Before  depositing 
new  concrete  on  or  against  concrete  that  has  set, 
existing  surfaces  shall  be  thoroughly  roughened  and 
cleaned  of  laitance,  foreign  matter,  and  loose  parti- 
cles. Forms  shall  be  re-tlghtened  and  existing  sur- 
faces slushed  with  a grout  coat  consisting  of  cement 
and  fine  aggregate  in  tbe  same  proportions  a6  con- 
crete to  be  placed.  New  concrete  shall  be  placed  be- 
fore tbe  grout  has  attained  initial  set.  Horizontal 
construction  joints  shall  be  given  a brush  coat  of 
grout  consisting  of  cement  and  fine  aggregate  In  same 
proportion  aa  concrete  to  be  placed,  followed  by  ap- 
proximately 3 Inches  of  concrete  of  regular  mix  ex- 
cept that  the  proportion  of  coarse  aggregate  shall  be 
reduced  50  percent.  Grout  for  setting  metal  Items 
shall  be  composed  of  equal  parts  of  sand  and  Portland 
cement,  w.lh  water  sufficient  to  produce  required 
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C.3.17  Slabs  on  Grade.  Any  TUI  .mllcated  or  re- 
quired to  raise  (be  subgrade  shall  be  installed  as 
specified  under  Section  G.  1.  EXCAVATION.  FILLING, 
AND  BACKFILLING.  Concrete  shall  be  compacted, 
screened  to  grade,  and  prepared  for  the  specified 
finish. 

G.3.18  Concrete  Floor  Finish.  Concrete  floor 
slabs  shall  be  screeded  and  wood  floated  to  the  re- 
quired level  of  the  finished  floors,  as  show  on  the 
drawings, 

G.3.19  o-rLg.  Curing  shall  be  accomplished  by 
preventing  loss  of  moisture,  rapid  temperature  change, 
and  mechanical  injury  or  injury  from  rain  or  flowing 
water  for  a period  of  7 days  when  normal  Portland  ce- 
ment has  bem  used  or  3 days  when  high-early-strength 
Portland  cement  has  been  used.  Curing  shall  be 
Starteu  js  soon  after  placing  and  finishing  as  free 
water  has  disappeared  from  the  surface  of  the  con- 
crete. Curing  may  be  accomplished  by  any  of  the 
following  methods  or  combination  thereof,  as  approved 
by  the  Contracting  Officer. 

a.  Moist  curing:  Unformed  surfaces  shall  be 
covered  with  burlap,  cotton,  or  other  approved  fabric 
mats,  or  with  saad  and  shall  be  kept  continually  wet. 
Forms  shall  be  kept  continually  wet  and  if  removed 
before  the  enJ  of  the  curing  period,  curing  shall  be 
continued  as  on  unformed  surfaces,  using  suitable 
materials.  Burlap  shall  be  used  only  on  surfaces 
which  will  be  unexposed  in  the  finished  work  and  shall 
be  in  two  layers. 

b.  Waterproof-paper  curing:  Surfacea  shall  be 
covered  with  waterproof  paper  lapped  4 Inches  at 
edges  and  ends  and  sealed.  Paper  shall  be  weighted 
to  prevent  displacement,  and  tears  or  boles  appearing 
during  the  curing  period  shall  be  immediately  repaired 
by  patching. 

c.  Membrane  curing:  Membrane  curing  compound 
shall  be  applied  by  power  spraying  equipment  using  a 
jpray  nozzle  equipped  with  a wind  guard.  The  com- 
pound shall  be  applied  in  a two-coat,  continuous  opera- 
tion at  a coverage  of  not  more  than  200  ft  Vgal  for  both 
coats.  When  application  is  made  by  hand  sprayers, 
the  second  coat  shall  be  applied  in  a direction  approxi- 
mately at  right  angles  to  the  direction  of  the  first  coat. 
The  compound  shall  form  a uniform,  continuous,  ad- 
herent film  that  shall  not  check,  crack,  or  peel,  -nd 
shal1  be  free  from  pinholes  or  other  imperfection*. 
Surfaces  subjected  to  heavy  rainfall  within  3 hours 
after  compound  has  been  applied  or  surface  damaged 
by  subsequent  construction  operations  within  the  cur- 
ing period  shall  be  resprayed  at  the  rate  specified 
above.  Surfaces  coated  with  curing  compound  shall 

be  kept  free  of  foot  and  vehicular  traffic  and  other 
sources  of  abrasion  during  the  curing  period. 

G.4  MISCELLANEOUS  METALWORK 

The  work  covered  by  this  section  of  the  specifica- 


tion conatata  in  !u:  .ishing  ail  plant,  labor,  equipment 
appliances,  and  materials,  and  in  performing  all  op- 
erations in  connection  with  the  installation  of  miscel- 
laneous metalwork,  complete,  including  all  abfif 
angles  attached  >o  the  concrete,  ail  steel  hatches,  all 
pipe  sleeves,  ini.erts.  and  anchor  bolts,  and  miscel- 
laneous bars,  plates,  and  other  accessories  neceaaary 
for  the  completion  of  the  work  in  strict  accordance 
with  this  section  of  the  specifications  and  the  applicable 
drawings,  and  subject  to  the  terms  and  conditions  of 
the  contract. 

G.4.1  Applicable  Specifications  and  Codes.  The 
folio-  dug  specifications  and  codes  form  a part  of  this 
specification: 

a.  Federal  Specifications: 

QQ-S-741  and  Am-3  Steel,  Structural  (Including 
Welding)  and  Rivet;  (for)  Bridges  and  Buddings. 

WW- P-406  and  Am-1  Pipe;  Steel  and  Ferrous- 
Alloy  (for)  ordinary  Uses  (Iron-Pipe  Size). 
(CRD-C  529). 

TT-P-86A  Type  1 and  II  Red  Lead  Primer. 

TT-A-468A  Type  U Clans  B Aluminum  Pig- 
ment. 

TT-V-81B  Type  B Class  B Varnish.  Mixing. 

b.  American  Institute  of  Steel  Construction  Pub- 
lications: 

Code  of  Standard  Practice  for  Steel  Build:  gn 
and  Bridges. 

Specification  for  the  Design,  Fabrication  and 
Erection  of  Structural  Steel  for  Buildings. 

c.  American  Welding  Society  Code: 

Arc  and  Gas  Welding  in  Bulldlig  Construction. 

G.4.2  General. 

a.  Shop  drawing*:  Shop  drawings  of  all  items  of 
miscellaneous  metalwork  shall  be  oubmitted  to  the 
Contracting  Officer  for  approval.  Material  fabricated 
or  delivered  to  the  site  before  the  approved  shop  draw- 
ings have  been  received  by  the  contractor  rball  be  *ib- 
Ject  to  rejection  by  the  Contracting  Officer. 

b.  Mill  reports:  The  contractor  shall  furnish, 
without  extra  cost  to  the  Government,  two  certified 
copies  of  all  mill  reports  covering  the  chemical  and 
physical  properties  of  the  'dcol  used  in  the  exirk  under 
this  specification. 

c.  Substitutions:  Substitutions  of  sections,  or 
modifications  of  details,  >r  both,  shall  be  made  only 
when  approved  by  the  Contracting  Officer  providing, 
however,  the  strength  sad  stiffness  shall  be  at  leaat 
equal  to  the  original  design. 

d.  Responsibility  for  errors:  Th*  contractor  aioos 
shall  be  responsible  for  all  errors  of  fabrication  and 
for  the  correct  fitting  of  the  structural  member* 
shown  on  the  shop  drawings. 

G.4. 3 Materials. 

a.  Structural  steel:  Structural  steel  shall  conform 
to  the  requirement*  of  Federal  Specification*  QQ-S- 
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T'l  and  Am-3.  Type  1 or  II.  G.-ido  B,  Class  1. 

b.  Anchor  bolts:  All  anchor  bolts  shall  conlorm 
to  the  requirements  lor  structural  steel. 

c.  Sleeves:  Pijh-  sleeves  lor  anchor  bolts  shall 
Conlorm  to  the  requirenx  tits  ol  Fulcra!  Spec  tin  atton 
WW-P-J06  .mil  Am-  1 (CitO-C  5J"). 

d.  Manhole  rungs  Manhole  r.ngs  shall  be  Hoh- 
mann  and  Barnard.  Inc. . 204  Hast  a.lrd  Street.  New 
York  City,  Style  P or  equal. 

0.1  1 Fabrication.  Insofar  as  possible,  work  shall 
be  lltteil  and  shop  assembled,  ready  lor  erection. 

Work  shall  conform  to  the  drawings,  details,  and  ap- 
proved sh  >p  drawings,  Shop  at  i field  connections 
shail  be  welded,  attachvl  with  screws,  and  sm-olar 
fastenings,  all  in  accoin  <nce  with  a high  standard  of 
workmanship  for  the  cla:  - ol  work  concerned,  and  as 
approved  by  the  Contracting  Officer.  Jointing  and  in- 
tersections shiti  be  accurately  made  in  true  planes, 
tightlv  lilted  and  drawn  up.  welded,  and  dressed 
smooth. 

a Galvanizing:  Wherever  galvanizing  is  called  for 
on  the  draw: vs  the  metal  shall  be  hot-dtp  galvanized 
after  fabrication,  using  not  less  than  2 ounces  of  zinc 
per  square  loot  of  surface  area  In  conformance  with 
the  current  ASTX1  Specification  A-I23.  All  parts  to 
Sc  ealvani'etl  shall  bo  thoroughly  cleaned  and  pickled 
before  galvanizing. 

b-  Miscellaneous:  Items  not  specifically  referred 
to  above  shall  be  '.irmshed.  constructed,  and  Installed 
as  shown  on  the  d*-  wings  or  at  approve!  by  the  Con- 
tracting "ifficer. 

c.  Escape  hatch  door:  The  escape  hatch  door  and 
all  miscellaneous  accessories  shall  be  fabricated  and 


installed  as  shown  on  the  design  drawings. 

G.4.5  Inspection  and  Tests.  The  material  to  be 
furnished  under  this  spu  ilicali  .n  shall  be  subject  to 
inspection  and  tests  in  the  mill.  shop,  and  held  by 
authorized  Government  inspectors.  Inspection  ard 
tests  will  be  conducted  without  expense  to  the  co'itrac- 
tor,  however,  inspection  in  the  mill  or  shop  shall  not 
relieve  the  contractor  ol  his  icsponsibility  to  reject 
any  material  at  anv  time  before  final  acceptance  of 
the  building  when,  in  the  opinion  of  the  Contracting 
Officer,  the  materials  and  workmanship  do  not  con- 
form to  Uh  specification  requirements.  Test  speci- 
mens shail  be  made  of  sufficient  number  to  determine 
the  averagt  yield  point  stress  lor  the  various  struc- 
tures. 

C.4.6  Design.  The  design  of  members  and  con- 
neclions  lor  all  portions  ol  the  structure  are  indiealcd 
on  the  drawings.  In  the  event  that  it  is  deemed  neces- 
sary to  modify  or  change  anv  member  or  connections 
such  design  drawings  shall  be  submitted  to  the  Con- 
tracting Officer  for  approval  ocfore  any  material  Is 
fabricated.  Subsequent  to  approval  by  the  Contracting 
Officer,  no  manges  or  modifications  shall  be  made 
without  his  consent. 

G.4.7  Painting.  All  Iron  and  steelwork  except  that 
which  is  shown  or  specified  as  galvanized  shall  be 
cleaned  of  ail  dirt,  scale,  and  rust  and  shall  be  given 
one  shop  coat  of  red  lead  in  oil  primer  conforming  to 
Federal  Specification  TT-P-S6A  Type  I or  II.  After 
erection  all  abraded  surfaces  shall  be  touched  up  with 
shop  paint. 
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MEMORANDUM  TO  DEFENSE  TECHNICAL  INFORMATION  CENTER 
ATTN:  OCD/Mr  Bill  Bush 


SUBJECT:  Change  of  Distribution  Statement 


The  following  documents  have  been  downgraded  to  Unclassified 
and  the  distribution  statement  changed  to  Statement  A: 
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WT-1305, 

AD-361774 

POR-2011 

, AD-352684 
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If  you  have  any  questions,  please  call  MS  Ardith  Jarrett,  at 
325-1034 . 

FOR  THE  DIRECTOR: 


cA/ujLci^J  *JL&t 

JOSEPHINE  WOOD 
Chief 
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